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Chapter 1
General Introduction
As sessile organisms, plants at first sight seem to be placed in the hands of the environment 
they happen to be in. Yet, it has been long recognised that plants, like animals, are able to 
optimise resource capture in order to increase fitness. This ability of individual plants to 
adjust their physiology, morphology or development in response to changes in their 
environment is called plasticity (Callahan, Pigliucci, & Schlichting 1997; Schlichting & Smith
2002). When the display of a specific set of plastic traits is beneficial in a given situation, but 
not in another, and plants thus reach a higher fitness upon display of these traits, plasticity is 
called adaptive (Schlichting et al. 2002; Schmitt, McCormac, & Smith 1995). In the many 
cases where plants share limited resources, the resulting competition between individuals 
will be influenced by plastic responses to that specific resource shortage (Dudley & Schmitt 
1996; Robinson et al. 1999). More precise, the degree to which a plant is able to adjust its 
growth form (i.e. show phenotypic plasticity) in favour of resource acquisition may be of 
importance for its competitive power. Competition for resources occurs in the majority of both 
natural and agricultural vegetations that exist and it has, therefore, been one of the key 
phenomena that have been explored in plant ecological research for decades. As a result, 
much is known about how plants compete and what the consequences of it are. Relatively 
little research, however, has been dedicated to the very importance of phenotypic plasticity 
for competition between plants. It is especially competition for light where there are important 
indications for a major role of phenotypic plasticity to determine the outcome of the 
competition process (Dudley et al. 1996; Schlichting et al. 2002; Schmitt et al. 1995). During 
competition for light, larger plants get a share of the light that is disproportionally large 
compared to their size, whereas smaller plants hardly affect the amount of light available. 
Plasticity that is directed towards increased potential for light capture is, therefore, of great 
importance for the smaller individuals to compete successfully for light.
Competition for light
Due to the unidirectional nature of light, competition for light is typically a-symmetric or one­
sided. This means, as indicated above, that larger individuals get a share of the resource 
(e.g. light) that is disproportionate to their size, leaving only a very limited amount for the 
smaller individuals (Weiner 1990). In dense vegetations, initial size differences between 
individual seedlings, due to small differences in seed size or germination time, may already
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be advantageous to the larger individuals (Black & Wilkinson 1963). These initially larger 
individuals will be the first to overtop (e.g. place their leaves above) their neighbour plants. 
As a result, the upper leaves of the larger plant have unlimited access to the light, whereas 
the smaller plants are shaded, leading to slower growth. Thus, competition for light increases 
variation in relative growth rates and, therefore, exaggerates relative size differences that 
would exist without competition (Weiner 1990). This process of dominance and suppression 
leads to a strong development of size inequality, which indicates the presence of a small 
number of very large individuals dominating a large number of relatively small individuals 
(Weiner 1990; Weiner & Solbrig 1984; Weiner & Thomas 1986). When plant densities are 
high enough, the process of dominance and suppression will lead to density-induced 
mortality (Weiner 1990; Weiner et al. 1986). This so-called self-thinning is concentrated 
within the group of suppressed individuals (Weiner et al. 1986). As a result of this mortality, 
size inequalities will decrease again, because the number of suppressed individuals 
decreases, whereas the number of dominant plants remains largely unaffected by density- 
induced mortality (Weiner, Griepentrog, & Kristensen 2001).
Plants have, however, evolved mechanisms that enable them to respond to the presence of 
neighbours by allometric growth and this also counteracts the development of size 
inequalities (Schmitt & Wulff 1993). This plasticity in growth means that different plant organs 
grow at different rates and the relationships between these growth rates may change with 
environmental conditions. With increasing above-ground competition pressure, relative 
investment in length growth increases at the expense of radial growth, thereby changing the 
length-mass relationship (Weiner & Fishman 1994; Weiner & Thomas 1992). Such allometric 
shifts can be driven by competition for light (Weiner et al. 1994) and they determine light 
interception of individual plants (Schwinning & Weiner 1998; Weiner et al. 1992). These 
plastic responses that increase plant fitness (Dudley et al. 1996) are described within the 
shade avoidance concept (Schmitt 1997; Smith & Whitelam 1997; Weiner et al. 1992).
Shade avoidance
The shade avoidance syndrome consists of enhanced elongation of stems and petioles, 
apical dominance, elevated leaf angles (called hyponasty) and early flowering (Schlichting et 
al. 2002; Smith et al. 1997). Particularly the stem elongation response has received much 
attention in shade avoidance research since its benefits for growth at high densities are 
clear. Enhanced stem elongation positions the photosynthesizing tissue (leaves) higher in 
the canopy. Although it has not been subject of many investigations, also the hyponastic 
response leads to a higher position of leaves in the canopy and may, therefore, be an 
important shade avoidance trait as well. These plasticities in growth form thus increase the
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amount of light that can be captured, thereby enhancing growth leading to higher fitness of 
the plants in crowded conditions with competition for light (Dudley et al. 1996; Schmitt et al. 
1993). A shade avoiding phenotype is, on the contrary, disadvantageous when plants are 
grown in isolation, i.e. with no competition for light, because it for example increases lodging 
(Dudley et al. 1996). Furthermore, the investment costs for elongation are too high for non­
competing plants since they do not confer any advantage.
Shade avoidance responses can already be triggered well before the canopy closes and light 
becomes limiting. Thereby, plants can adjust their phenotype to prevent future shading by 
neighbours (Ballaré, Scopel, & Sánchez 1990). These early responses are initiated by 
sensing neighbour vegetation through light signals. When light is reflected by neighbour 
plants, the quality and quantity are altered and these changes can be perceived by plants, 
who then respond with the shade avoidance responses.
Sensing of neighbours
Traditionally, the ratio of red (655-665 nm wavelength) to far-red (725-735 nm wavelength) 
light (R/FR ratio) is thought to be the key signal that plants perceive from neighbouring 
vegetation (Ballaré et al. 1990; Holmes & Smith 1975). They sense the R/FR ratio with the 
phytochrome family of photoreceptors, which consists of five members (Phy A-E) in 
Arabidopsis and probably also in most other angiosperms (Smith 2000; Whitelam, Patel, & 
Devlin 1998). Phytochrome consists of two forms that are photoreversible. Pr is the inactive 
form that can be activated by the absorbance of red photons. The active Pfr form can be 
inactivated by the absorbance of far-red light and is also passively converted into the inactive 
form in the dark (Quail et al. 1995; Smith 1994; Smith 2000). The active phytochrome form 
suppresses elongation and, therefore, elongation is enhanced when phytochrome is 
inactivated to the Pr form, as is the expression of the other shade avoidance characteristics. 
Next to the R/FR signal, other changes in the light may operate at high plant densities as 
well. Chlorophyll also absorbs blue light and the resulting reduced blue light intensity can be 
sensed with blue light photoreceptors, known as phototropins and cryptochromes (Casal 
2000; Lin 2000). However, the extent to which blue light signalling contributes to shade 
avoidance responses in plant canopies is still largely unknown, as only a few studies suggest 
a role for blue light depletion (review by Ballaré (1999)), most likely as a component 
additional to phytochrome signalling (Ballaré, Scopel, & Sánchez 1991). Ballaré & Scopel 
(1997) showed that the blue light Arabidopsis mutant hy4 (or cry1), however, is not 
significantly affected in its competitive ability. They, therefore, concluded that signalling of 
blue light is far less important than R/FR-sensing for morphological responses to neighbours. 
On the other hand, the same hy4 mutant shows, comparable to the phytochrome B mutant 
phyB, no elongation response to light reflected by non-shading neighbour plants, whereas
3
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wild-type plants do show an enhanced hypocotyl elongation (Yanovsky, Casal, & Whitelam 
1995). This suggests that the blue light component in light reflected by neighbours may 
actually be more important in early responses to neighbours than suggested by Ballaré et al.
(1997), but may also reflect the requirement of functional blue light receptors for PhyB action 
(Yanovsky et al. 1995). In addition to these light signals, there may be even other micro­
environmental variables (such as wind and temperature) changing in a developing plant 
canopy that can control growth and morphology (Ballaré 1999). Next to the R/FR ratio, this 
thesis particularly aims to study the importance of less well-known putative neighbour 
detection signals for plant responses to neighbours in dense canopies.
Hormonal regulation of shade avoidance
Upon sensing the light signals, the action of several downstream components, including plant 
hormones, is altered. Gibberellins have been known for a long time to be of crucial 
importance in determining elongation growth upon perception of a low R/FR ratio, through a 
phytochrome-regulation of either gibberellin (GA) biosynthesis or GA sensitivity (Beall, 
Yeung, & Pharis 1996; Weller, Ross, & Reid 1994). Increased GA action after deactivation of 
part of the phytochrome by a low R/FR ratio probably leads to loosening of the cell wall that 
facilitates cell division and cell expansion (López-Juez et al. 1995; Weller et al. 1994).
More recently, also auxins have been shown to play an important role in shade avoidance 
responses (Morelli & Ruberti 2000). This does not necessarily implicate an altered auxin 
production or sensitivity, but may mainly act through a redistribution of auxin in a way that 
stimulates elongation growth (Morelli et al. 2000; Steindler et al. 1999). Brassinosteroids are 
known to be important for photomorphogenesis in general (Chory & Li 1997; Clouse 2001; 
Neff et al. 1999), but it is yet unknown if they play a role in shade avoidance responses. In 
addition, cytokinins have been implicated in the re-allocation of nitrogen to the upper leaves 
in a dense canopy (Pons & Bergkotte 1996; Pons, Jordi, & Kuiper 2001).
Shade avoidance responses show a remarkable resemblance to responses of certain semi- 
aquatic plants, such as Rumex palustris, to submergence (enhanced shoot elongation and 
hyponasty (Voesenek et al. 2003)). These responses to submergence are primarily induced 
by accumulation of the gaseous plant hormone ethylene and this provides the suggestion 
that ethylene may also be a key player in shade avoidance responses. In the last few years 
various experiments indicated that ethylene may be involved in the shade avoidance process 
indeed. Sorghum plants that carry a null mutation for phytochrome B constitutively over­
produce ethylene and also have a constitutive shade avoiding phenotype (Finlayson et al. 
1999; Finlayson, Lee, & Morgan 1998). In addition, a phytochrome-regulation of ethylene 
production has been known for quite some time and has been described for rice (Imaseki, 
Pjon, & Furya 1971), soybean (Samimy 1978), bean (Vangronsveld, Clijsters, & Van Poucke
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1988) and the earlier mentioned Sorghum (Finlayson et al. 1999). Furthermore, when an 
ethylene-insensitive transgenic tobacco genotype was created by Knoester et al. (1998), they 
observed that these plants seemed to be less responsive to neighbour plants, although they 
did not analyse this in any detail.
These data together suggest that ethylene may have a function in the regulation of shade 
avoidance responses. However, to date no suitable experiments have been performed to 
shed more conclusive light on the question if ethylene is important for shade avoidance 
responses or not. This thesis, therefore, aims to elucidate the putative function of ethylene in 
shade avoidance responses to neighbours.
Ethylene
Ethylene is a gaseous plant hormone that is produced by virtually all organs of higher plants 
(Abeles, Morgan, & Saltveit 1992). It is well known for its stimulation of fruit ripening, flower 
wilting and leaf senescence (Abeles et al. 1992), and also of great importance for plant 
resistance to pathogen attack (Geraats, Bakker & van Loon 2002). Ethylene is generally 
thought of as a growth-inhibiting hormone (e.g. Abeles et al. 1992; Bleecker et al. 1988; 
Romano, Cooper, & Klee 1993), but growth stimulation has been documented as well (see 
for example Fiorani et al. (2002) and references therein). This growth-stimulatory effect does 
particularly apply to ethylene-induced shoot elongation in terrestrial, yet semi-aquatic, plants 
that become submerged (Métraux & Kende 1983; Voesenek & Blom 1989). As a result of 
submergence, endogenously produced ethylene is trapped within the plant and these 
elevated ethylene levels then enhance shoot elongation and hyponasty, enabling the plant to 
restore contact with the aerial environment (Voesenek et al. 2003).
Ethylene perception and insensitivity
Ethylene is perceived by specific ethylene receptors of which five have been described for 
Arabidopsis (ETR1, ERS1, ETR2, EIN4, ERS2; (Bleecker 1999; Solano et al. 1998; 
Stepanova & Ecker 2000)). Mutations in an ethylene receptor are dominant and lead to a 
pleiotropic insensitivity to ethylene. The Arabidopsis etr1 mutant for example carries a 
mutated ETR1 receptor gene, encoding receptor proteins that cannot bind ethylene. The 
other four ethylene receptor genes are not mutated, but still the entire plant is resistant to 
ethylene (Bleecker et al. 1988). This follows logically from the working mechanism of 
ethylene receptors. When no ethylene is bound to the receptors, all five ethylene receptors 
activate the same downstream component CTR1, which represses components that are 
further downstream in the response pathway. When the receptors bind ethylene, they are 
switched off leading to a reduced activation of CTR1 and a de-repression of the response
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pathway (Bleecker 1999; Solano et al. 1998; Solano & Ecker 1998). When for example the 
ETR1 gene is mutated, the resulting etr1-1 mutant receptor cannot bind ethylene anymore 
and will, therefore, always be in the unbound, i.e. active, state. Therefore, the etr1-1 mutant 
has a constitutive repression of the ethylene response pathway, and this repression cannot 
be switched off by perception of ethylene (Bleecker 1999). Transformation of tobacco 
(Nicotiana tabacum) with a construct containing the etr1-1 promoter and gene from 
Arabidopsis, therefore, led to entire insensitivity to ethylene of the transformed tobacco 
plants obtained (Knoester et al. 1998). Comparable results were obtained with transformed 
Petunia hybrida and other plant species. Contrary to Arabidopsis, tobacco forms stems, 
which makes this species far more suitable for the study of shade avoidance than 
Arabidopsis. Furthermore, the ethylene-insensitive transgenic tobacco plants have relative 
growth rates that are identical to wild-type plants (Tholen et al. (Utrecht University, The 
Netherlands), unpublished data). These characteristics make this tobacco genotype a 
suitable and high precision tool in this thesis on the study of the role of ethylene in plant 
neighbour detection and competitive ability for light.
Interactions between ethylene and gibberellins
Interactions between plant hormones have long been recognized and ethylene is no 
exception in this respect. Since especially gibberellin action is well known to be a key 
component in shade avoidance processes, interaction between ethylene and gibberellins will 
be described in some more detail.
Work on the semi-aquatic plant species Rumex palustris has elegantly shown that ethylene 
can stimulate shoot elongation in this species by stimulating the production of and sensitivity 
to gibberellins (Rijnders et al. 1997; Voesenek et al. 2003). Other (semi)-aquatic species, 
such as deepwater rice (Métraux et al. 1983) and Callitriche platycarpa (Musgrave, Jackson, 
& Ling 1972) also enhance shoot elongation through ethylene-mediated changes in 
gibberellin action. Increased action of gibberellins putatively leads to a loosening of the cell 
walls, which would enhance cell expansion and division and, thus, growth (Voesenek et al.
2003). Since shade avoidance elongation responses also involve altered gibberellin 
production and/or sensitivity, it can be hypothesized that components of a putative 
involvement of ethylene in shade avoidance may consist of an interaction with gibberellin 
action.
Outline thesis
This thesis will elucidate the putative role of ethylene in plant responses to neighbours during 
competition for light. For this purpose, shade avoidance responses to neighbours of
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ethylene-insensitive tobacco plants will be repeatedly compared with their wild-type 
counterparts. The thesis will consist of a description of the involvement of ethylene in shade 
avoidance responses and a test of the competitive consequences. It further aims to identify 
the mechanisms through which ethylene acts in plant responses to neighbours. This thesis 
will first show that ethylene is important for above-ground plant responses to neighbour 
plants. The consequences of this ethylene-involvement in shade avoidance for competitive 
ability are shown in competition experiments with wild-type and ethylene-insensitive tobacco 
(chapter 2). The effects of the reduced plasticity to neighbours for size distributions in 
canopies of different plant densities are described in chapter 3. Chapter 4 aims to identify to 
what extent ethylene is required for morphological responses to low R/FR ratios. The 
interaction of ethylene with gibberellins in these phytochrome-mediated responses are 
further investigated in chapter 5. Putative neighbour detection signals other than the R/FR 
ratio are described in chapter 6, which also includes the relevance of ethylene-sensing for 
plant responses to those signals. Finally, all results are briefly summarised and then further 
discussed in chapter 7, which also proposes a model for the action of ethylene in plant 
competition.
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Abstract
Plants sense neighbours even before these cause a decrease in photosynthetic light 
availability. Light reflected by proximate neighbours signals a plant to adjust growth and 
development, in order to avoid suppression by neighbour plants. These phenotypic changes 
are known as the shade avoidance syndrome and include enhanced shoot elongation and 
more upright positioned leaves. Here we show that these shade avoidance traits in tobacco 
(Nicotiana tabacum) are also induced by low concentrations of ethylene. Furthermore, we 
show that transgenic plants, insensitive to ethylene, have a delayed appearance of shade 
avoidance traits. The increase in both leaf angles and stem elongation in response to 
neighbours are delayed in ethylene-insensitive plants. These data show that ethylene is an 
important component in the regulation of neighbour-induced shade avoidance responses. 
Consequently, ethylene-insensitive plants lose competition with wild-type neighbours, 
demonstrating that sensing of ethylene is required for a plant to successfully compete for 
light.
Introduction
A plant’s phenotype is strongly influenced by the presence of neighbour plants. When 
growing at high plant densities with competition for light, the predominant strategy of 
individual plants is to avoid shading by neighbours. Plants achieve this through so-called 
shade avoidance responses that are already induced well before the canopy closes (Ballaré, 
Scopel, & Sánchez 1990). These responses include enhanced shoot elongation, elevated 
leaf angles to the horizontal (hyponasty) and early flowering (Smith 2000). Because these 
shade avoidance responses increase the amount of light that can be captured, they result in
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increased plant fitness in crowded conditions (Schmitt 1997). In this paper we will 
demonstrate a component of the regulation of such important phenotypical responses of 
plants that has been essentially unknown to date.
Proximate neighbours are sensed in the early phase of canopy development through 
the perception of reflected far-red (FR) light from the surrounding vegetation (Ballaré 1999; 
Smith 2000) by the phytochrome family of photoreceptors (Neff, Fankhauser, & Chory 2000; 
Smith 2000). The phytochromes are encoded by a gene family with five members (Phy A-E) 
in Arabidopsis (Quail et al. 1995; Whitelam, Patel, & Devlin 1998). Phy B is thought to be the 
prime phytochrome involved in shade avoidance responses (Smith & Whitelam 1997) and 
homologues have been described for several other plant species. In addition to the R/FR 
ratio, also other signals, such as blue light perceived by cryptochromes, may provide 
information about the presence of neighbours in a closed canopy (Ballaré 1999; Ballaré, 
Scopel, & Sánchez 1991) and result in shade avoidance responses.
In an entirely different situation, namely submergence, responses are induced that 
very much resemble shade avoidance responses. Enhanced shoot elongation and hyponasty 
are induced in flooded semi-aquatic plant species by the gaseous plant hormone ethylene 
(Kende, Van der Knaap, & Cho 1998; Voesenek & Blom 1989). Ethylene is involved in many 
plant responses to biotic and abiotic stimuli (Abeles, Morgan, & Saltveit 1992) and is 
generally known as a growth inhibitor, although it can also stimulate elongation of certain 
plant organs (Emery, Reid, & Chinnappa 1994; Kende et al. 1998; Voesenek et al. 1989). 
The ethylene-induced shoot elongation and hyponasty enable flooded plants to re-establish 
contact of leaf blades with the atmosphere when they are submerged by flood water. The 
remarkable similarity between shade avoidance traits and submergence-induced growth 
suggests a role for ethylene in shade avoidance as well. This idea is strengthened by the 
suggestion that the constitutive over-production of ethylene may be responsible for the 
constitutive shade avoidance phenotype of Sorghum plants that contain a null mutation in the 
gene encoding phytochrome B (phyB-1) (Finlayson et al. 1999; Finlayson, Lee, & Morgan 
1998).
In order to test the contention that ethylene is involved in plant responses to neighbours and 
thus determines competitive ability, we investigated if treatment of tobacco plants with 
ethylene could induce shade avoidance responses. Furthermore, competition experiments 
were carried out with wild-type ethylene-sensing and transgenic ethylene-insensitive tobacco 
plants, in which we determined morphological changes as well as competitive success for 
the two genotypes.
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Materials and Methods
Plant growth
Seeds of ethylene-insensitive (Tetr) and wild-type (WT) tobacco (Nicotiana tabacum cv. 
Samsun NN) were germinated on moist white river sand covered with transparent 
polyethylene sheets to prevent dehydration (16 h light 100 ^mol m-2 s -1, 8 h dark; 20 °C). 
Tetr is a transgenic ethylene-insensitive tobacco genotype obtained through introduction of 
an Arabidopsis thaliana ETR1 allele with the dominant activating mutation etr1-1 (Knoester et 
al. 1998). After nine days (two cotyledon stage), seedlings were selected for equal sizes both 
within and between genotypes and transplanted to pots (5 * 5.5 cm: height * diameter) or 
competition plots as described below containing white river sand. Plants received full 
strength Hoagland’s nutrient solution every day to maintain a high nutrient status of the 
substrate, reducing the likelihood of competition for nutrients during the experiments.
Ethylene experiment
WT and Tetr seedlings were grown in pots in a growth chamber (16 h light 220 ^mol m-2 s-1 
(Philips HDS 600 W), 8 h dark; RH = 70%, temperature = 20 °C). Plants of five weeks old 
were transferred to closed glass chambers (35 dm3) that were flushed continuously (0.5 l 
min-1) with various concentrations of ethylene (Praxair; Oevel, Belgium) in air, which were 
checked with a gas chromatograph. In such way the depletion and build up of gases was 
prevented during the experiment. Measurements of leaf angles were taken after 24 h and of 
stem lengths after seven days of treatment.
Far-red (FR) experiment
WT and Tetr seedlings were grown in pots in a growth chamber (16 h light 100 ^mol m-2 s -1, 
8 h dark; 20 °C). FR treatment started when plants were 31 days old by addition of FR 
emitting incandescent lamps (Paulmann Blacklight) to the white light background of 
fluorescent lamps (Philips TLD 36 W / 840), lowering the red (655-665 nm) / far-red (725-735 
nm) (R/FR) ratio from 9 to 0.2 without affecting PAR levels. Stem length measurements of 
WT and Tetr in high and low R/FR were taken at the start of the experiment and after 4, 6 
and 8 days of treatment.
Competition experiments
Competition experiments were carried out in a greenhouse with supplemental lighting 
(Philips PL 600 W) to maintain a 16 h photoperiod with minimally 250 ^mol m-2 s-1 PAR 
(temperatures at least 20 °C, RH approximately 70%). Plants were grown at a density of 
1111 plants m-2; earlier trials revealed that competition was intense: after 8 weeks of growth
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this density decreased individual shoot biomass to approximately 10 % of the biomass of 
individually grown plants and to 20 % of the biomass of plants grown at a density of 70 plants 
m-2. Some variation in growth rates occurred between experiments due to seasonal 
variability, but this did not affect the relative differences between treatments.
To establish a time series of plant growth (Fig. 2 a,b), WT and Tetr were grown in their 
respective monocultures in square plots of 9 * 9 plants. The central nine plants of one plot of 
each monoculture were harvested and leaf angles and stem length were measured every 
week between 4 and 8 weeks after sowing. In the following experiments, WT and Tetr plants 
were grown in plots of their respective mono cultures and in 1:1 mixed plots following a 
checkerboard design. Plots of mono cultures contained 9 * 9 plants, whereas mixed plots 
contained 10 * 10 plants. In all plots, the outer three rows of plants functioned to minimise 
possible edge effects. The central 9 (mono cultures) or 16 (mixed cultures: 8 Tetr and 8 WT) 
plants of each plot were harvested and weighed eight weeks after sowing (Fig. 4 a). In an 
additional experiment plants were grown in pots for five weeks during the last three of which 
half of the Tetr plants received a 15 min day-1 far-red light treatment directly after the end of 
the photoperiod (EODFR), inducing a moderate shade avoidance phenotype. Thereafter, WT 
and Tetr plants were transplanted to the mixed competition plots yielding two plot types: WT 
with EODFR pre-treated Tetr and WT with non-pre-treated Tetr. Three replicates of each plot 
type were harvested and weighed after 14 days of competition, i.e. eight weeks after sowing 
(Fig. 4 b).
Bliytene (m| |-1) Ethylene (pl l-1)
F igure  1. Inclination of the largest leaf (A, after one day of treatment) and stem length (B, after seven 
days of treatm ent) of W T  (black circles) and Tetr (open circles) tobacco at increasing exogenous 
ethylene concentrations. Experiments were started with five weeks old plants ensuring that plants 
were beyond the rosette stage and thus stem formation had commenced. Data represent means of 
six plants ± SE. Note that 0 .005 pl l-1 ethylene is approximately the ambient atmospheric 
concentration.
12
Ethylene is required to successfully compete with proximate neighbours
Results
Application of ethylene to the shoot of tobacco plants induced responses that show 
remarkable similarity with classic shade avoidance responses; increased stem elongation 
and leaf angles to the horizontal (Fig. 1). The highest ethylene concentration used appeared 
to be supra optimal for stem elongation, but was still not inhibitory to it. Ethylene-insensitive 
(Tetr) plants appeared to be entirely irresponsive to ethylene, confirming their ethylene 
insensitivity.
When the two genotypes were grown at the high plant density of 1111 plants m-2 leaf area 
indices (total leaf area / corresponding substrate area) were identical for WT and Tetr plots at 
all time points (data not shown), indicating that competition intensity and light quality and 
quantity were comparable in WT and Tetr mono cultures. However, WT plants showed the 
so-called hyponastic response (e.g. increased leaf angles to the horizontal) already at 
approximately five weeks after sowing (Fig. 2a,c), whereas Tetr’s morphology was not yet 
affected (Fig 2a,d) at that time. One week later, also Tetr plants began the hyponastic 
response and at the end of the experiment the genotypes had reached similar leaf angles. In 
addition to the reduced hyponastic response, also stem elongation was retarded in Tetr as
25  30 35  4 0  45  50 55 60  
tim e (d)
F igure  2. Time courses (in days after sowing) of A , inclination of the largest leaf and B, stem length 
of W T  (black circles) and Tetr (open circles) tobacco in monocultures at 1111 plants m-2. Data 
represent means of 9 plants ± SE. The photographs depict plants at the second harvest (t = 38 days) 
clearly showing the different leaf orientations of C , W T  and D, Tetr.
13
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Time (d)
F igure  3. Stem elongation of W T  (black symbols) and Tetr (open symbols) tobacco at high (circles) 
and low (triangles) red /  far-red (R /FR ) ratio. Light treatments were started (t=0) with 31 days old pot- 
grown plants. Data represent means of six plants ± SE.
compared to WT (Fig 2b). At the first harvest (30 days after sowing) WT and Tetr were still in 
the rosette stage and had similar sizes: shoot dry weight was 5.3 ± 0.7 mg for WT and 4.5 ± 
0.3 mg for Tetr (p = 0.257; t-test) and leaf area was 1.78 ± 0.18 cm2 for WT and 1.99 ± 0.17 
cm2 for Tetr (p = 0.409; t-test). When placed in a low R/FR environment, individually grown 
plants showed an elongation response similar to plants in the competition plots and again 
this response was reduced in the Tetr plants (Fig. 3).
To test the implications of Tetr’s reduced shade avoidance properties for its 
competitive ability, high density mixtures of WT and Tetr were compared to high-density 
monocultures of the two genotypes. It appeared that the ethylene-insensitive plants did not 
suffer a stronger growth reduction than WT when both genotypes were grown in their 
respective monocultures (Fig. 4a). However, when Tetr had to compete with WT neighbours, 
the ethylene-insensitive plants were severely suppressed as shown by a five-fold lower shoot 
dry weight of Tetr plants compared to WT in the mixture (Fig. 4a) and the inability of Tetr to 
exploit the upper parts of the mixed canopy (Fig. 4c). Similar results were obtained with a 
different primary transformant line (Tetr20 (Knoester et al. 1998); data not shown) showing 
that Tetr’s reduced competitiveness is not an artefact of the transformation process itself.
Finally, we checked if this suppression of Tetr plants by WT neighbours was truly due 
to Tetr’s delayed shade avoidance properties. For this purpose, we conducted an experiment 
where before the onset of competition Tetr plants were pre-treated with end-of-day-far-red 
(EODFR) light for three weeks to induce a moderate shade avoidance phenotype, thereby 
eliminating it’s delay in shade-induced phenotypic changes. The pre-treatment resulted in an 
increase of the stem length of Tetr from 1.21 ± 0.09 to 1.90 ± 0.16 cm at the onset of 
competition, compared to WT plants with a stem length of 1.84 ± 0.18 cm (data are means ± 
SE, n = 15). As a result, Tetr’s competitive ability in a mixture with WT was rescued 
completely; WT and EODFR pre-treated Tetr reached an equal biomass when competing
14
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F igure 4 Performance of W T  (black circles or purple plants) and Tetr (open circles or orange plants) 
tobacco at 1111 plants m-2. a, Plants w ere placed in monoculture or 1:1 mixture 9 days after 
germination and grown in these competition plots for an additional seven weeks. Data represent 
means of five plot means ± SE. b, Plants w ere placed in a 1:1 mixture of W T  and Tetr or W T  and 
E O D FR  pre-treated Tetr approx. 6 weeks after germination (and thus three weeks after the start of 
the pre-treatments) and grown in these competition plots for an additional two weeks. Data represent 
means of three plot means ± SE. c, Depicts W T  and Tetr plants in the non-pre-treated mixture at the 
time of harvest. Two Tetr target plants (indicated with arrows) were digitally highlighted to clearly 
discriminate them from W T. These plants, which were in the centre of the mixed competition plot, 
were representative for the entire canopy.
with each other, whereas non-pre-treated Tetr plants were strongly suppressed by WT 
neighbours (Fig. 4b).
Discussion
Ethylene-insensitive Tetr plants lost competition for light with wild-type neighbours and our 
results show that this is related to their reduced shade avoidance responses (i.e. a retarded 
vertical orientation of the leaves and reduced stem elongation). At this point it is important to 
note that this outcome is not due to an overall weak performance of the transgenic plants. 
Unlike for instance gibberellin mutants of Arabidopsis (e.g. ga1 and gai) that have a dwarf 
phenotype, Tetr plants do not have inherently reduced growth rates. Shoot biomass
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accumulation of Tetr is identical to WT when grown in high-density monocultures (Fig. 4a) 
and single-grown Tetr plants have relative growth rates identical to WT (unpublished data of 
D.J.H. Tholen, Utrecht University, The Netherlands). While, non-competing Tetr plants also 
seem to have a somewhat reduced stem elongation (Figs. 1,3), competition experiments 
were started with young plants that were still in the rosette stage and, thus, had no stems 
yet. It is the retarded onset of elongation from this stage (Fig. 2b) that really mattered. The 
other important shade avoidance trait, a more vertical orientation of the leaves, did not differ 
between single-grown plants of WT and Tetr (data not shown). In conclusion, it is unlikely 
that a factor other than the reduced shade avoidance properties of the ethylene-insensitive 
plants was responsible for their reduced competitive ability. This is substantiated by the fact 
that we were able to fully rescue Tetr’s competitive ability by eliminating the shade avoidance 
delay (Fig. 4b).
Our results reveal ethylene as an important new element in the transduction 
pathways leading to the development of shade avoidance traits. Increased stem elongation 
and leaf angles were delayed but not absent in ethylene-insensitive plants (Figs. 2, 3). Our 
data thus show that ethylene is not an indispensable component of shade avoidance 
responses but rather acts as a positive modulator that accelerates these responses (Fig. 2). 
This is comparable to the function of ethylene as a positive modulator of leaf senescence in 
Arabidopsis (Grbic & Bleecker 1995).
The fact that individually grown Tetr plants showed a reduced stem elongation 
response to a low R/FR ratio (Fig. 3) suggests a role for ethylene in phytochrome mediated 
shoot elongation. Here we show for the first time directly that ethylene is involved in shade 
avoidance responses to neighbours (Fig. 2) and to low R/FR ratio’s (Fig. 3), consistent with 
the correlative data of Finlayson et al. (1998, 1999). There are numerous possible sites for 
ethylene to interact in the regulation of shade avoidance processes. Research to date has 
shown that photomorphogenic responses are complex webs of cross-talking signalling 
pathways of various photoreceptors (Ballaré 1999; Briggs & Olney 2001; Chory & Wu 2001) 
that include the action of a number of plant hormones, such as gibberellins, auxins and 
brassinosteroids (Chory & Li 1997; Morelli & Ruberti 2000; Neff et al. 2000). Ethylene can 
interact with any of these hormones (Abeles et al. 1992) as well as with the phytochrome 
system itself (Finlayson et al. 1999; Vangronsveld, Clijsters, & Van Poucke 1988). In 
conjunction with this modulating effect, ethylene may accumulate in a dense canopy as has 
been described once in the literature for canopies of cotton (Heilman, Meredith, & Gonzalez 
1971). As such, ethylene may serve as a previously unknown environmental signal parallel to 
the well-established light signals (e.g. R/FR ratio, blue light). Since ethylene production rates 
are generally low and diffusion rates to the atmosphere will be high, high levels of ethylene 
accumulation are not to be expected. Still, elongation processes may be very sensitive to
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ethylene (Fiorani et al. 2002) and low levels of ethylene are already sufficient to stimulate 
shade avoidance responses (Fig. 1).
As a consequence of their disturbed shade avoidance responses, the ethylene­
insensitive plants suffered a severely reduced competitive ability when competing with wild 
type neighbours (Fig. 4). In their crowded monoculture, however, Tetr plants did surprisingly 
well. This was probably due to the fact that all neighbouring plants suffered the same 
disruption contrary to the mixture where WT plants were able to profit from Tetr’s delayed 
response. When these differences in shade avoidance capacities were eliminated in the 
mixtures by the far-red pre-treatment of Tetr, WT and Tetr plants reached equal dry weights 
again (Fig. 4b). Such an increase of gain in dry weight upon restoration of shade avoidance 
responses is in accordance with data from others, where the degree to which plants can 
display shade avoidance responses is closely linked to the ability to compete for light (Dudley 
& Schmitt 1996; Schmitt, McCormac, & Smith 1995).
We conclude that ethylene can induce shade avoidance traits in tobacco, whereas 
the lack of ethylene perception in transgenic, ethylene-insensitive plants leads to an 
attenuated shade avoidance reaction. As a consequence, these Tetr plants loose 
competition for light with wild-type neighbours. Our results thus demonstrate that ethylene 
sensing is an important, yet previously unappreciated requirement for successful competition 
for light.
Acknowledgements
We thank Baukje Sweegers and Mieke Cuppens for help with the experiments, Tim Colmer, 
Kees van Loon and Ben Scheres for their comments on drafts of this manuscript and Harry 
Smith for stimulating discussion.
17

Density-induced plant size reduction and size inequalities in ethylene- 
sensing and ethylene-insensitive tobacco
Ronald Pierik, Laurentius A.C.J. Voesenek1, Hans de Kroon and Eric J.W. Visser 
Dept. Plant Ecophysiology, Utrecht University, Sorbonnelaan 16, 3584 CA Utrecht, The Netherlands
Abstract
Plant competition for light is a commonly occurring phenomenon in natural and agricultural 
vegetations. It is typically size-asymmetric, meaning that slightly larger individuals get a 
disproportionate share of the light leaving a limited amount of light for the initially smaller 
individuals. As a result, size inequalities of such stands increase with competition intensity. A 
plants’ ability to respond morphologically to the presence of neighbour plants with enhanced 
shoot elongation, the so-called shade avoidance response, acts against the development of 
size inequalities. The precise impact of this phenotypic plasticity on size inequality 
development is yet to be determined, since the only attempts to do so made use of plants 
with severely hampered growth rates and virtually no response to neighbours at all. There is, 
therefore, need for experiments with plants that have normal growth rates and that are only 
mildly affected in their shade avoidance capacities. We made use of an ethylene-insensitive, 
transgenic tobacco genotype (Tetr) that has wild-type (WT) growth rates and moderately 
reduced shade avoidance responses to neighbours. Here we show that the development of 
size inequalities in monocultures of these plants is hardly affected as compared to wild-type 
monocultures. Tetr and WT monocultures had identical CV (Coefficient of Variance) values 
for shoot biomass that increased with plant density. We conclude that the capacity of the 
shade avoidance syndrome to counteract the development of size inequalities is more robust 
than previously anticipated.
Introduction
Competition is of major importance in determining the structure and composition of plant 
canopies and is predominantly for light in dense vegetations. Competition for light is typically 
asymmetric (Schwinning & Weiner 1998; Weiner 1985), meaning that initially larger
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individuals (e.g. due to faster germination (Black & Wilkinson 1963)) get a disproportionate 
share of the light, because they overtop smaller neighbours. This leaves reduced light levels 
for the smaller, and hardly any light reduction for the larger individuals (e.g. Schwinning et al. 
1998; Weiner 1990), thereby even further suppressing the smaller plants. The resulting 
increased size inequality typically increases with plant density and, thus, with the intensity of 
competition for light (Ballaré et al. 1994; Weiner 1985; Weiner et al. 2001). At the same time, 
plants show plastic growth responses to high plant densities that counteract the development 
of size inequalities. These allometric shifts include increased relative investment in length 
growth (Weiner & Thomas 1992) and are most strongly displayed by the smallest individuals 
in a population (Weiner & Fishman 1994; Weiner et al. 1992). The so-called shade 
avoidance responses (Ballaré 1999) facilitate growth, because they lead to a higher position 
of the leaves in the canopy, which enhances the amount of captured light and decreases 
shading and suppression by neighbours (Schmitt & Wulff 1993).
Since shade avoidance responses counteract the development of size inequalities, 
any attenuation of this shift in allometry towards elongation may lead to increased size 
inequalities in populations that compete for light. To our knowledge, this has been 
experimentally shown only by Ballaré et al (1994) for tobacco, later confirmed by Ballaré & 
Scopel (1997) for inequalities of reproductive output in Arabidopsis mutants. Ballaré et al 
(1994) found increased size inequalities in crowded monocultures of transgenic tobacco 
plants with inhibited shade avoidance responses. However, they used a genotype that over­
expresses oat phytochrome A (PHYA), leading to reduced growth rates and virtually no 
response to neighbours at all. A milder phenotype would be preferable in such experiments, 
because it would allow us to assess the importance of a more subtle reduction of shade 
avoidance properties without potential interference with the overall growth capacity. We, 
therefore, investigated the development of size inequalities in crowded monocultures of 
transgenic tobacco plants (Tetr) that are insensitive to the plant hormone ethylene and, as a 
consequence, have moderately attenuated shade avoidance responses (Ch. 2). Ethylene­
insensitive plants typically do not have a dramatically aberrant phenotype under non­
stressed conditions, because ethylene is often not a prerequisite for, but merely a modulator 
of growth and developmental processes (e.g. Grbic & Bleecker 1995; Ch. 2), resulting in 
wild-type growth rates of the Tetr plants (Tholen et al. (Utrecht University, The Netherlands), 
unpublished data). Using the Tetr genotype, we tested if a small attenuation of shade 
avoidance responses to neighbours already has consequences for dominance and 
suppression in crowded populations.
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Materials and Methods
Competition experiments were carried out with wild type (WT) and ethylene insensitive, 
transgenic (Tetr) tobacco. The ethylene insensitive genotype was obtained by Knoester et al.
(1998) through introduction of the mutant etr1-1 ethylene receptor gene from Arabidopsis 
thaliana into tobacco (Nicotiana tabacum cv. Samsun NN). The Tetr plants obtained have 
normal wild-type growth rates, but show a delay in the leaf angle and stem elongation 
responses to neighbours (Ch. 2). Seeds were germinated on moist filter paper in petri dishes 
in a climate room (16 h light (240 ^mol m-2 s-1, Philips PL 600 Watt), 8 h dark; 20 °C). After 
one week, seedlings were selected for homogeneity and transplanted to monocultures of 
each genotype in even-spaced rectangular plots of 9 * 9 plants at 69, 277 and 1111 plants 
m-2. There was no density-induced mortality in any of the treatments. Each combination of 
density and genotype (six in total) was replicated five times. Each replication of all six 
treatments was, for practical reasons, transplanted and harvested on a separate day and 
placed in a separate block. A block consisted of a 2 * 2.5 * 0.25 m rectangular frame, filled 
with white river sand and placed in a greenhouse with supplemental lighting (16 h light 
(minimum light intensity 220 ^mol m-2 s-1, 8 h dark, min. temp 22 °C). Each plot within a block 
was physically separated below-ground from the other plots in the same block. Seedlings 
that failed to establish were replaced during the first two weeks by equally-aged plants that 
had been growing just outside each plot. Plants were watered daily with full-strength 
Hoagland’s nutrient solution to prevent nutrient limitation. The central nine plants of each plot 
were harvested eight weeks after sowing. This was just before the onset of flowering in the 
highest density. Plants in the outer three rows of each plot were not harvested but served to 
minimise edge effects. At the harvest, leaf area and stem length were measured. Shoot dry 
weight was determined after drying for at least 48 h at 75 °C. The Leaf Area Index (LAI) was
Table. 1. Results of a two-way ANOVA for the selected dependent parameters with genotype and 
plant density as fixed variables, block as a covariable and tests for interactions. P-values < 0.05 
indicate significant effects.
Genotype density Interaction
variable df F value P df F value p df F value P
LAI 1 0.00 0.9453 2 55.16 0.0000 2 0.13 0.8777
shoot biomass 1 4.44 0.0460 2 56.57 0.0000 2 0.85 0.4378
length/biomass 1 3.65 0.0684 2 64.95 0.0000 2 0.07 0.9321
CV length 1 7.17 0.0134 2 27.55 0.0000 2 0.97 0.3924
CV biomass 1 0.07 0.0783 2 17.98 0.0000 2 0.03 0.9639
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Figure 1. Leaf area index (LAI; cm2 leaf area cm-2 soil surface area) for W T (solid circles) and Tetr 
(open circles) tobacco monocultures grown at 69, 277 and 1111 plants m-2 for 8 wks. Data are means 
(n = 5 plots per genotype per density) ± SE.
determined by dividing the summed leaf area of the nine plants harvested per plot by the 
area of soil occupied by these plants. The Coefficient of Variation (CV = SD / mean) was 
calculated for biomass and stem length for each replicate plot.
Results of the competition experiments were analysed by means of two-way Analysis 
of Variance (SPSS software, version 10.7) with genotype and plant density as fixed 
variables, with interactions tested, and block as a co-variable.
Results
The Leaf Area Index (Fig. 1) increased with increasing plant density from approximately 1 to 
higher than 4 at the highest density. There were no differences in LAI between WT and Tetr 
canopies (Tab. 1), indicating that the intensity of above ground competition was identical in 
WT and Tetr canopies. Shoot biomass accumulation was severely reduced in both 
genotypes by increasing plant density (Fig. 2A; Tab.1).
Because smaller shoots tended to have shorter stems we corrected stem length for 
shoot dry weight to obtain a relative measure for the stem elongation response to increasing 
plant density. Both WT and Tetr plants showed an elongation response to increasing plant 
density (Fig. 2B; Tab.1).
Sharp increases of size inequalities were observed with increasing plant density and, thus, 
competition intensity (Fig. 3), indicating that size asymmetric competition for light was taking 
place in both WT and Tetr monocultures. However, size inequality of stem length was 
significantly lower in WT than in Tetr and this difference seems to be most distinct at the 
highest density (Fig. 3A; Tab.1), although no significant interaction was found between 
genotype and plant density. CV values of shoot biomass (Fig. 3B) were not different between
22
Shade avoidance and density-induced size inequalities
Plant density (plants m-2) Plant density (plants m-2)
Figure 2. Individual plant shoot biomass (g) (A) and the ratio of stem length and shoot dry weight 
(cm / g) (B) for W T (solid circles) and Tetr (open circles) tobacco grown in monocultures at 69, 277 
and 1111 plants m-2 for 8 wks. Data are means (n = 5 plot means per genotype per density) ± SE.
WT and Tetr (Tab.1). Competition for below-ground resources was not taking place in our 
experiment, because nutrient supplies were high and whole-plot root / shoot ratio’s 
decreased with increasing plant density (data not shown), suggesting above-ground rather 
than below-ground competition.
Discussion
Although the total absence of shade avoidance results in severely increased dominance and 
suppression (Ballaré et al. 1994), our results show that smaller changes in the capability of 
plants to respond to neighbours does not necessarily lead to a large increase of competitive 
asymmetry.
The two genotypes of tobacco used in the experiments showed an increased 
elongation growth with increasing plant density. This elongation response increased with 
plant density as has been described in numerous publications before (e.g. Ballaré et al. 
1994; Ballaré 1999; Weiner et al. 1992). Wild type plants had more strongly elongated stems 
than did Tetr plants at all densities used (Fig. 2B), which corresponds with the slightly 
reduced shade avoidance responses of ethylene insensitive plants (Ch. 2). The reduced 
shoot elongation of Tetr plants did not affect their light capture, since biomass accumulation 
was comparable for the two genotypes and identical at the highest density (Fig. 2A). This 
does not imply that the mild manipulation of shade avoidance characteristics in the Tetr 
transgenic plants has no consequences for competitive outcome at all. Unaffected biomass 
production compared to WT only occurs if the plants are surrounded by similar neighbours; 
we showed before that Tetr plants are severely suppressed when competing with WT 
neighbours that do respond earlier to neighbouring plants (Ch. 2).
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Figure 3. Coefficient of Variation (CV) of stem length (A) and shoot dry weight (B) calculated for WT  
(solid circles) and Tetr (open circles) tobacco monocultures grown at 69, 277 and 1111 plants m-2 for 
8 wks. Data are means (n = 5 plots per genotype per density) ± SE.
As expected, size inequalities (CV) increased with increasing plant density (Fig. 3), 
indicating that competition for light was taking place. Yet, size inequalities for shoot dry 
weight were not different between WT and Tetr (Fig. 3B). Interestingly, size inequalities for 
shoot dry weight in wild type monocultures increased to much higher values (CV from 0.6 to 
1.1) in our experiment (Fig. 3B) than in that of Ballaré et al. (1994) (CV from 0.5 to 0.6). WT 
size inequality of stem length did even decrease in their experiment, whereas it increased in 
ours (Fig 3A). Although our highest density was two-fold higher than the highest density used 
in the experiments by Ballaré et al. (1994), the range of LAI values obtained in our 
experiment were the same as in the experiment by Ballaré et al. (1994), suggesting equal 
competition intensity. Therefore, we expected that our experiment and that of Ballaré et al. 
(1994) would yield comparable results for WT size inequalities. Still, the pronounced density- 
induced size inequalities we observed appear to be the rule rather than the exception 
(Aphalo, Ballaré, & Scopel 1999; Miller & Weiner 1989; Weiner 1985; Weiner, Mallory, & 
Kennedy 1990). Size inequalities for stem length were higher in Tetr than in WT (Fig. 3A). 
This suggests some increased dominance and suppression in the competing Tetr plots as 
compared to WT with respect to plant height. Yet, Tetr’s reduction of shade avoidance 
responses was not severe enough to lead to a stronger development of size inequalities for 
biomass in Tetr than in WT. This is striking because it is conceivable that plant responses 
that reduce shading (as does stem elongation in dense stands) should lead to reduced 
development of size inequalities (Geber 1989; Schmitt et al. 1993). One explanation may be 
that if competition is only allowed for a very short period of time, development of size 
inequalities may be prevented (Schwinning et al. 1998; Turner & Rabinowitz 1983) as may 
have been the case in our experiment. However, size inequalities did increase for both 
genotypes, suggesting that the duration of the experiment was sufficiently long. Furthermore,
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plants were harvested just before the onset of flowering at the highest densities, so extension 
of the growth period would have had no consequences for vegetative growth. It may still be 
possible that in annual plants, such as tobacco in the present work, the vegetative phase is 
so short that it takes very severe disruptions of the normal allometric changes upon crowding 
to significantly affect the development of biomass size hierarchies. This would correspond 
with the fact that Ballaré et al. (1994) found highly increased density-induced size inequalities 
of their PHYA over-expressing tobacco plants, whereas this was not the case for the Tetr 
plants in the present work.
We conclude that it requires a strong depression of shade avoidance properties, such 
as in PHYA over-expressing tobacco (Ballaré et al. 1994), to observe significant increases of 
dominance and suppression of plant size. Clearly, the capacity of the shade avoidance 
syndrome to counteract the development of size inequalities is more robust than previously 
anticipated.
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Abstract
Plant responses to neighbours include the shade avoidance syndrome which consists of 
enhanced shoot elongation, increased leaf angles to the horizontal and increased apical 
dominance. These responses stimulate a plant’s capacity to consolidate light capture in 
dense stands where competition for light prevails. The key signal triggering these shade 
avoidance responses in plant canopies is the red/far-red (R/FR) ratio which is perceived by 
the phytochrome family of photoreceptors. There are correlative suggestions for a role of the 
plant hormone ethylene in modifying these R/FR-induced responses, but this has never been 
proven unambiguously. Recently, we have shown that ethylene positively modulates shade 
avoidance responses in plant canopies, but it is uncertain if these are responses to low R/FR 
ratio or not. Therefore, we tested the effects of low R/FR ratio on ethylene production and 
responsiveness in tobacco. The balance of these two components appeared to shift towards 
increased ethylene action in a low R/FR environment as compared to a high R/FR 
environment. Direct evidence for a role of ethylene was given by the response of transgenic 
plants that are insensitive to ethylene. These plants have lower stem elongation rates in a 
low R/FR environment than wild-type plants. We conclude that the increased action of 
ethylene at a low R/FR ratio enhances shade avoidance responses. Ethylene is, however, 
not an indispensable component of the shade avoidance process, since the ethylene 
insensitive plants have a reduced but not absent stem elongation response to light with a low 
R/FR ratio.
Introduction
The shade avoidance syndrome has been studied extensively and much progress has been 
made in unravelling the mechanisms underpinning these light-mediated responses that 
include increased stem and petiole elongation, elevated leaf angles to the horizontal
Chapter 4
Chapter 4
(hyponasty), increased apical dominance and early flowering (Aphalo, Ballaré, & Scopel 
1999; Ballaré 1999; Smith & Whitelam 1997). The induction of shade avoidance responses in 
dense plant canopies is triggered by a decrease of the red (655-665 nm) to far-red (725-735 
nm) light ratio (R/FR ratio) caused by selective absorption of red light by chlorophyll (Aphalo 
et al. 1999; Ballaré, Scopel, & Sánchez 1990;Morgan & Smith 1976). The R/FR ratio is 
perceived by the phytochrome family of photoreceptors, of which five members (PHYA- 
PHYE) have been identified in Arabidopsis thaliana (Quail et al. 1995; Smith 2000; Whitelam, 
Patel, & Devlin 1998).
Although the phytochrome system is well described, still little is known about the 
downstream components that are involved in regulating the actual growth responses. 
Gibberellins are known to regulate phytochrome-mediated shoot elongation (Chory & Li 
1997), but also auxins (Morelli & Ruberti 2000) and brassinosteroids (Chory et al. 1997) 
appear to be involved in the photomorphogenic responses. Circumstantial evidence suggests 
a role for ethylene as well. Monochromatous red light generally inhibits ethylene production, 
whereas far-red light can reverse this effect (Imaseki, Pjon, & Furya 1971; Samimy 1978; 
Vangronsveld, Clijsters, & Van Poucke 1988). Ethylene production is also largely increased 
by adding far-red light to a white light background in light-grown Sorghum bicolor (Finlayson 
et al. 1999; Finlayson, Lee, & Morgan 1998). Furthermore, the Sorghum mutant null for 
PHYB (phyB-1) shows both a constitutive shade avoidance phenotype, with elongated stems, 
and constitutive exaggerated ethylene production (Finlayson et al. 1998). This is striking 
because ethylene in general is thought to be a growth inhibitory plant hormone, with a few 
exceptions such as the enhancement of shoot elongation in semi-aquatic plants (Abeles, 
Morgan, & Saltveit 1992; Peeters et al. 2002).
Recently, we showed that ethylene acts as a positive modulator in shade avoidance 
responses to neighbours in dense canopies (Ch. 2). It is uncertain if this involvement of 
ethylene is caused by a role in phytochrome-mediated responses or that it is involved in 
putative other mechanisms in plant canopies (e.g. blue light signalling). The correlative 
Sorghum work mentioned above suggests that ethylene does act as a growth stimulator in 
the phytochrome-mediated shade avoidance process, but until now there is no direct 
evidence for such an interaction. In the current paper we provide this evidence by studying 
phytochrome-mediated shade avoidance responses in ethylene-insensitive, transgenic plants 
that thus cannot regulate the downstream growth processes through ethylene. We tested 
growth responses of wild-type (WT) and ethylene-insensitive (Tetr) tobacco to low R/FR ratio 
in light that was provided from either above or the side in order to prevent experimental 
artefacts that may result from the direction of the light signal. As the net balance between 
ethylene production and ethylene responsiveness determines the final effect of ethylene, the 
effects of the R/FR ratio on these two parameters were studied as well.
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Materials and Methods
Light measurements
Light quality and quantity in all set-ups were measured with a Licor1800 spectroradiometer 
(Li-cor, Lincoln, Nebraska, USA). Red (R) light is defined as the photon irradiance integrated 
over the wavelength range from 655 to 665 nm, and far-red (FR) light from 725 to 735 nm 
and these ranges correspond with the absorption peaks of the Pr and Pfr form respectively of 
phytochrome. The R/FR ratio can then be calculated by dividing this red light photon fluence 
rate by the far-red light photon fluence rate (Smith 1994).
Ethylene production
Wild-type (WT) tobacco was sown on moist white river sand, covered with transparent 
polyethylene sheets and placed in a climate chamber (16 h 90 ^mol m-2 s-1 light (Philips TLD 
36/840), 8 h dark; 21 °C). After eight days of germination, seedlings were transplanted to 
pots (height 5 cm, top diameter 5.5 cm) with the same sandy substrate and covered again 
with the polyethylene sheets. One week later the sheets were removed and plants received 
full strength Hoagland’s nutrient solution every other day. Five to six weeks after germination, 
plants were transferred to cylindrical glass cuvettes (one plant per cuvette; height 15 cm, 
diameter 6.5 cm) in a second growth chamber (16 h 66 ^mol m-2 s-1 light (Philips TLD 36/840) 
inside the cuvette, 8 h dark, 20 °C). These closed cuvettes were flushed continuously (1 l h-1) 
with ethylene-free air which was then led to a laser-driven photo-acoustic ethylene detection 
system (Voesenek et al. 1990), which monitored the ethylene concentrations in the gas flow. 
The set-up was divided into two parts with aluminium foil to create a light tight barrier 
between the different treatments. Plants on one side were illuminated with the fluorescent 
lamps yielding a high R/FR ratio (high R/FR compartment), whereas plants in the other part 
were illuminated with the same fluorescent tubes but supplemented with far-red emitting 
incandescent lamps (Paulmann Schwarzlicht, 75 W) reducing the R/FR ratio (low R/FR 
compartment) (Fig. 1a). After acclimatisation of the plants in the cuvettes for one day in 
fluorescent-only light (high R/FR), ethylene production was measured in both compartments 
during the following day (day 1), but still with the far-red lamps turned off. On the subsequent 
day (day 2 ), ethylene production was measured with the far-red lamps turned on during the 
light period in the low R/FR compartment. On the last day of measurements (day 3) ethylene 
production was monitored again with only fluorescent light in both compartments. Ethylene 
production was calculated per gram fresh weight per day. Data were analysed with a two­
way Repeated Measures ANOVA (with interactions) with time (repeated measure) and R/FR 
ratio as fixed variables.
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WT tobacco seeds were germinated and grown as in the previous experiment. Five weeks 
after germination, plants were transferred to desiccators (six plants per desiccator) that were 
placed in light with either a high (white light; Philips TLD 36/840) or a low (white light plus far- 
red emitting incandescent lamps (Paulmann Schwarzlicht, 75W)) R/FR ratio (Fig. 1b). There 
were 4 desiccators per light treatment, each receiving a different ethylene concentration, 
which was obtained by mixing ethylene (3 ^l l-1 in air) with atmospheric air (Mass flow 
controllers Hi-Tech, Ruurlo, The Netherlands) to the desired concentrations (0.03, 0.07, 0.2 
^l l-1) that were checked with a gas chromatograph (Chrompack, Middelburg, The 
Netherlands). After one day of treatment, leaf angles to the horizontal were measured with a 
protractor and after one week of treatment stem and petiole length were determined. Data 
were analysed in a two-way ANOVA (with interactions) with ethylene concentration and R/FR 
ratio as fixed variables.
Effects of R/FR ratio with different angles of incident light on growth and morphology 
It is often most practical to reduce the R/FR ratio of all the light in a growth cabinet, e.g. by 
filtering the light or by placing far-red emitting lamps close to the white sources. However, in 
a true canopy plants first sense their neighbours through horizontally reflected light that is 
red-depleted, whereas they still receive unfiltered light (with a high R/FR ratio) from above in 
the stage where plants do not yet overlap. Therefore, we tested the effect of far-red from the 
side and far-red from above to lower R/FR ratio.
Wild-type and ethylene-insensitive, transgenic (Tetr) tobacco (Knoester et al. 1998) 
were germinated on moist filter paper in petri dishes for eight days (16 h light (175 ^mol m-2 
s-1 (General Electric 65W/35), 8 h dark; 23 °C). Thereafter, seedlings of both genotypes were 
transplanted to pots (height 5 cm, top diameter 5.5 cm) containing a 1:1 mixture of sand and 
autoclaved potting soil. Three and a half weeks after sowing, plants were split into two 
groups and placed into growth cabinets designed to apply two separate far-red treatments: 1 ) 
addition of far-red light (Osram Haloline Halogen R7s 500W, filtered through black acrylic 
material (Black 901 Crylex; A.S.H. Plastics, Wolverhampton, UK)) from the side to a white 
light (180 ^mol m-2 s-1; Osram Powerstar HQI-TS 150watt) background that comes from 
above and 2) far-red light added from above (same far-red source as in the former side 
treatment) to a white light (120 ^mol m-2 s-1; General Electric F75W/33) background that also 
comes from above. Each treatment had its own white light control group of plants in a 
separate growth cabinet.
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Figure 1. Light spectra from the experimental setups where a high ( • )  and a low R/FR (o) treatment 
were compared. A) ethylene production set-up, PPFD = 65 pmol m-2 s-1, R/FRhigh = 8.04, R/FRiow = 
0.12. B) ethylene responsiveness set-up, PPFD = 90 pmol m-2 s-1, R/FRhigh = 7.05, R/FRbw = 0.11. C 
and D) experiment on growth and morphology of W T and Tetr plants in far-red from the side (C, 
PPFD = 180 pmol m-2 s-1, R/FR ratio measured horizontally: R /FRhigh = 2.48, R/FRbw = 0.32) and far- 
red from above (D, PPFD = 120 pmol m-2 s-1, R/FRhigh = 6.26, R /FRbw = 0.14) treatment.
After transfer to the growth cabinets, plants acclimatised for three days before the actual 
treatments were started. Four weeks after sowing, the far-red lamps were switched on, 
thereby lowering the R/FR ratio (Fig. 1c-d). Growth and morphology of these plants were 
then followed non-destructively for a subsequent 14 days, after which plants were harvested 
to measure biomass and leaf area. Shoot dry weight was determined after drying of the plant 
material for at least 48 h at 80 °C. The non-destructively measured morphological 
parameters were analysed in a three-way Repeated Measures ANOVA (with interactions) 
with time (repeated measure), genotype and R/FR ratio as fixed variables. The shoot dry 
weight data were analysed in a two-way ANOVA (with interactions) with genotype and R/FR 
ratio as fixed variables.
In a separate experiment, a different and independent ethylene insensitive, 
transgenic line (Tetr20; (Knoester et al. 1998)) was tested for its low R/FR responsiveness
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and it behaved similar to the present Tetr18 line, thus confirming that Tetr’s phenotype is not 
an artefact caused by the genetic transformation of the plants but the effect of it’s insensitivity 
to ethylene.
Results
Ethylene production showed a pronounced diurnal pattern in both light with a high and light 
with a low R/FR ratio (Fig. 2a) and, therefore, ethylene production was calculated per diurnal 
cycle. Lowering the R/FR ratio by switching on far-red emitting lamps (day 2) significantly 
increased ethylene production averaged over a 24 h period from 10 to more than 30 nl g-1 fw 
d-1 (Fig. 2b). This increased production quickly disappeared when the far-red lamps were 
switched off again (day 3). Control plants had very constant ethylene production rates during 
the three days of measurements (Fig. 2).
Treating plants with ethylene induced an increase of petiole angle, petiole elongation 
and stem elongation which was saturated already at an ethylene concentration of less than 
0.10 ^l l-1. These effects of ethylene were even stronger in a low R/FR light environment as 
compared to a high R/FR ratio (Fig. 3), although the interaction between R/FR ratio and 
ethylene concentration was not significant for stem length (Tab. 1). The higher length and 
angle values upon ethylene treatment in the low R/FR ratio may partly be the additive effect 
of the low R/FR ratio and application of ethylene.
Time (h)
B
Figure 2. Ethylene production of W T tobacco as affected by the R/FR ratio of the incident light. A) 
Patterns of ethylene production of individual representative plants in either the high ( • )  or the low (o) 
R/FR compartment. Black horizontal bars on the x-axis indicate the dark periods. Open symbol: Day 
1 and 3 R/FR = 8.04; day 2 R/FR = 0.12. Black symbol: Day 1, 2 and 3 R/FR = 8.04. B) Average 
ethylene production calculated over 24 h periods in a high (control) or a low (treatment) R/FR  
environment (data are means ± SE (n=5)). Note that the R/FR ratio was lowered only at day 2 in the 
treatment group.
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Table. 1. Results of a two-way Repeated Measures ANOVA with interactions performed on petiole 
angle, stem length and petiole length of W T and Tetr tobacco at increasing ethylene concentrations in 
low and high R/FR ratio. P-values < 0.05 indicate significant differences.
Petiole angle Stem length Petiole length
Df MS F p MS F p MS F p
R/FR ratio 1 875.521 49.73 0.000 6528.38 562.878 0.000 698.140 214.96 0.000
Ethylene 3 1192.188 67.72 0.000 180.652 15.5758 0.000 52.317 16.11 0.000
R/FR * Ethylene 3 81.076 4.61 0.007 24.3 2.0952 0.118 26.116 8.04 0.000
Although these results showed clear effects of signalling of the R/FR ratios on ethylene 
production and responsiveness, it remained to be proven that ethylene played a role in 
phytochrome-mediated shade avoidance responses. This was tested by investigating the 
ability of plants that do not have a functional ethylene signalling mechanism to respond to 
lowered R/FR ratios. Within one day of treatment with low R/FR from above, petiole angles 
increased from approximately 40° to 65° for both genotypes and remained this stature during 
the entire experiments (Fig. 4a,b). In the treatment with low R/FR from the side the Tetr 
plants seemed to show a slight delay in this hyponastic response of the petioles (Fig. 4a), but 
this was not significant (Tab. 2).
Ethylene concentration (|jl l-1) Ethylene concentration (|jl l-1)
Ethylene concentration ( j l  l-1)
Figure 3. Effects of exogenous ethylene on petiole angle (A), petiole length (B) and stem length (C) 
of W T tobacco in a high ( • )  or a low R/FR (o) light environment. Data are means ± SE (n=6).
33
Chapter 4
Side Above
<D
CL
o
"<D
CL
(D
CL
Time (d) Time (d)
120 120
C D ö
100 100
(m
m
)
8 o m 80 /
’S? 60
<D
sz
’S? 60 y /  A
m 
<D 40 
CO
E
d) 40 
CO
20 20
----------
0 ........................................................................................................... 0 i V ...........................................................................................
6 8 10 
Time (d)
12 14 2 4 6 8 10 12 14
Time (d)
TOce
Time (d) Time (d)
Figure 4. Stem and petiole elongation and leaf angles to the horizontal of W T (o ^ ) and Tetr ( a a )  
tobacco in light with a high ( • a )  or a low R/FR ( o a )  ratio. Tetr plants were transformants insensitive 
to ethylene. The R/FR ratio was manipulated by adding far-red light from the side (A, C, E) or from 
above (B, D, F). Data are means ± SE (n=6).
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Table. 2. Results of a three-way Repeated Measures ANOVA with interactions performed on petiole 
angle, stem length and petiole length of W T and Tetr tobacco followed through time in low and high 
R/FR ratio. P-values < 0.05 indicate significant differences.
Horizontal FR treatment
Petiole angle Stem length Petiole length
Df MS F p MS F p MS F p
Genotype 1 6.6 0.12 0.733 12.871 209.12 0.000 61.605 26.02 0.000
R/FR ratio 1 7926.1 145.17 0.000 2.945 47.85 0.000 102.245 43.18 0.002
Genotype*R/FR 1 5.6 0.10 0.754 0.114 1.85 0.000 0.845 0.36 0.001
Time 5 280.1 7.11 0.000 12.605 870.28 0.194 23.865 16.83 0.572
Time*Genotype 5 43.6 1.11 0.366 0.157 10.83 0.000 2.257 1.59 0.000
Time* R/FR 5 521.4 13.23 0.000 0.267 18.46 0.000 5.137 3.62 0.193
Time*Genotype*R/FR 5 70.4 1.79 0.128 0.019 1.29 0.276 1.561 1.10 0.011
Vertical FR treatment
Petiole angle Stem length Petiole length
Df MS F p MS F p MS F p
Genotype 1 379.6 2.26 0.154 9.828 134.78 0.000 26.771 3.69 0.151
R/FR ratio 1 12254.9 72.86 0.000 13.834 189.71 0.000 180.105 24.81 0.016
Genotype*R/FR 1 1518.4 9.03 0.009 0.050 0.07 0.420 2.614 0.36 0.591
Time 5 340 5.84 0.000 13.467 512.57 0.000 52.383 27.52 0.000
Time*Genotype 5 26.8 0.43 0.824 0.144 5.47 0.000 0.697 0.37 0.864
Time* R/FR 5 774.6 12.49 0.000 1.162 44.21 0.000 33.983 17.85 0.000
Time*Genotype*R/FR 5 36.5 0.59 0.709 0.042 1.59 0.173 1.999 1.05 0.425
In light with a high R/FR ratio petiole angles showed a small decrease during the experiment 
and were slightly higher for WT than for Tetr in the low R/FR from above treatment (Fig. 4b). 
Stem elongation also increased upon low R/FR treatment. Already in light with a high R/FR 
ratio, stem elongation was faster for WT than for Tetr. This difference became more 
pronounced for plants grown in the low R/FR environments (Fig. 4c,d). Also, petiole 
elongation was stimulated by a low R/FR ratio (Fig. 4e,f). The elongation of petioles seemed 
initially faster in WT than in Tetr, but the two genotypes ultimately reached comparable 
petiole lengths. Shoot dry weight accumulation (Fig. 5) measured at the end of the 
experiments was not affected by the R/FR ratio. However, the relative contribution of stem 
tissue to shoot dry weight was higher in the low than in the high R/FR ratio, which effect was 
much greater in WT than in Tetr.
Discussion
Ethylene production and ethylene sensitivity were determined in high and low R/FR light 
conditions to find out if these determinants of ethylene action are controlled by the 
phytochrome system. Moreover, morphological responses of wild type (WT) and ethylene
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Figure 5. Shoot dry weight and relative dry weight investment in stem tissue of W T and Tetr tobacco 
at light with a high (black bars) or a low (white bars) R/FR ratio. Tetr plants were transformants 
insensitive to ethylene. The R/FR ratio was manipulated by adding far-red light from the side (A, C) or 
above (B, D). Data are means ± SE (n=6).
insensitive (Tetr) tobacco to low R/FR ratios were determined in order to establish if ethylene 
plays a role in phytochrome-mediated shade avoidance responses in tobacco.
Ethylene production and responsiveness in relation to R/FR ratio
Most studies on the effects of light quality on ethylene production have been carried out with 
etiolated seedlings and generally show reduced ethylene production by red light whereas far- 
red light can reverse this effect (Imaseki et al. 1971; Samimy 1978; Vangronsveld et al. 
1988). However, it is particularly phyA that predominates in dark-grown plants and phyA can 
act antagonistically to phyB (Quail et al. 1995; Smith, Xu, & Quail 1997) the latter being the 
major phytochrome that controls shade avoidance (Smith et al. 1997). Therefore, care has to 
be taken to translate data obtained from de-etiolation studies to (shade avoidance) studies 
with light-grown plants. Finlayson and co-workers (1998; 1999) investigated the effect of far- 
red light added to white light background on ethylene production in light-grown Sorghum 
bicolor. Our work confirms their findings that a lowering of the R/FR ratio significantly 
stimulates ethylene production rates (Fig. 2; (Finlayson et al. 1999; Finlayson et al. 1998)). 
To our knowledge, our data are the first to show that rhythmic ethylene production was
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stimulated directly upon lowering the R/FR ratio and that this enhanced ethylene production 
ceased immediately upon restoring the light environment to a high R/FR ratio.
To investigate if such an increased ethylene production could initiate shade 
avoidance responses, we tested the response of tobacco plants to a range of biologically 
significant (i.e. low) ethylene concentrations. Exogenous ethylene had a stimulatory effect on 
leaf angles and stem elongation and values reached were even higher in a low compared to 
a high R/FR environment (Fig. 3; Tab. 1). The highest ethylene concentration used was 
supra-optimal for petiole elongation in the low R/FR treatment, in contrast to the high R/FR 
treatment. This indicates that low R/FR-grown plants have a higher sensitivity to applied 
ethylene than high R/FR-grown plants. Yet, it is uncertain if the R/FR ratio really affects 
ethylene sensitivity since interactions were significant only for petiole angle and petiole 
elongation and not for stem length (Tab. 1). The combination of a low R/FR ratio and 
elevated ethylene may, therefore, have yielded a response that is the additive effect of the 
two separate factors. Certainly, the increased ethylene production in the low R/FR treatment 
(Fig. 2) may explain part of the difference in morphology between high and low R/FR plants, 
independently of ethylene sensitivity.
Taking these data together, it is conceivable that far-red induced stem elongation and 
hyponasty are mediated through low R/FR-induced elevated ethylene production, and thus 
that ethylene action is an intrinsic part of the regulation of the low R/FR-induced shade 
avoidance syndrome. The data obtained by the use of the ethylene-insensitive transformants 
seem to partly confirm this hypothesis, but care has to be taken when interpreting the data.
Elongation and hyponastic growth as affected by R/FR ratio and ethylene 
Plant responses to a low R/FR ratio appeared to be independent from the direction of the far- 
red light. Therefore, the two far-red treatments will not be treated separately in this 
discussion, except when plant responses were different.
The increase of petiole angles to the horizontal (hyponasty) is a typical response to 
shade light and could be induced with low R/FR ratio (Fig. 4a,b). Since hyponasty could also 
be induced by application of ethylene, we hypothesised ethylene to be involved in the 
regulation of leaf angles. Much to our surprise, however, ethylene-insensitive plants showed 
the hyponastic response to low R/FR comparable to WT plants. WT and Tetr even reached 
equally high petiole angles in the low R/FR ratios, regardless of the direction of far-red light 
(Fig. 4a,b). This falsifies our hypothesis and shows that ethylene is not required for the low 
R/FR-induced hyponastic response. The significant genotype * R/FR ratio interaction found 
for petiole angles in the far-red from the side experiment (Tab. 2) is probably caused by the 
different leaf angles in the high R/FR ratio (Tetr somewhat lower than WT; Fig. 4b) that 
disappeared in the low R/FR ratio. Interestingly, hyponasty has not received much attention
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in shade avoidance research so far. Notable exceptions are the work of Van Hinsberg & Van 
Tienderen (1997) and Whitelam & Johnson (1982) showing a stimulation of leaf angles by a 
low R/FR ratio and Ballaré & Scopel (1997) who described an increase of leaf angles with 
increasing plant density presumably induced via phytochrome signalling. In a previous paper 
(Ch. 2), we presented data showing that ethylene-insensitive plants with a reduced 
hyponastic response are weak competitors, indicating the importance of the hyponastic 
response for competitive ability.
The role of ethylene in low R/FR-induced stem elongation is slightly different from the 
above-described hyponastic response. Stem elongation was enhanced by low R/FR ratio 
(Fig. 4c,d) and involved an increased dry weight investment in stem tissue, which occurred at 
the expense of leaf tissue investment since total shoot biomass remained unaffected by the 
R/FR ratio (Fig. 5). Stem elongation rates appeared to be somewhat slower in Tetr than in 
WT plants, regardless of the light environment. When placed in a low R/FR ratio the absolute 
differences between WT and Tetr became more pronounced (Fig. 4c,d), but there was no 
significant interaction between genotype and R/FR ratio (Tab. 2). Comparable conclusions 
can be drawn with respect to petiole elongation (Fig. 4e,f).
Thus, the ability to perceive ethylene, positively affects stem elongation in tobacco 
and the application of ethylene also enhances elongation of stems and petioles. This seems 
to contradict traditional literature on ethylene functioning, since the hormone is classically 
known as a growth inhibitor of shoot tissues (Abeles et al. 1992; Smalle & Van der Straeten
1997). However, ethylene can also stimulate shoot elongation in Stellaria longipes (Emery, 
Reid, & Chinnappa 1994), certain Poa species (Fiorani et al. 2002), light-grown Arabidopsis 
seedlings (Smalle et al. 1997) and wheat (Suge et al. 1997). In addition, ethylene also 
stimulates elongation growth in semi-aquatic plant species such as Rumex palustris 
(Voesenek & Blom 1989) and rice (Métraux & Kende 1983), during submerged conditions.
Conclusions
If ethylene would have been a requirement for plant responses to light with a low R/FR ratio, 
the ethylene-insensitive plants should have shown no response to the low R/FR ratio at all. 
Since they did respond we conclude that endogenous ethylene may enhance shade 
avoidance responses, but is not a requirement for these R/FR mediated responses to occur. 
Furthermore, effects of R/FR ratio can account for the stem elongation differences between 
WT and Tetr in response to neighbour plants (compare Ch. 2 and Fig. 4c,d), but not for the 
delayed hyponastic response to neighbours found for Tetr (compare Ch. 2 and Fig. 4a,b). 
The enhancement of R/FR-induced shade avoidance responses by ethylene is probably the 
result of a low R/FR-mediated stimulation of ethylene action mediated by increased ethylene 
production and possibly also increased ethylene responsiveness.
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Abstract
Recently, we have shown that the gaseous plant hormone ethylene is of importance in plant 
shade avoidance responses to neighbours and to low R/FR ratios. These phytochrome- 
mediated responses include the so-called hyponastic response (i.e. a more vertical 
orientation of leaves) and enhanced stem and petiole elongation. Ethylene-insensitive 
tobacco plants (Tetr) have reduced responses to neighbours and to low R/FR ratios. Here, 
we investigated interactions between ethylene and gibberellin sensitivity in high and low 
R/FR ratios. Ethylene-insensitive plants appeared to have reduced, but not absent shade 
avoidance responses, whereas plants with inhibited gibberellin production showed hardly any 
shade avoidance responses at all. Furthermore, a low R/FR ratio strongly enhanced the 
sensitivity of hyponasty and stem elongation in both wild-type (WT) and Tetr plants to applied 
gibberellin (GA3), but the stem elongation process was more sensitive to GA3 in WT than in 
Tetr. Shade avoidance responses could also be induced with exogenously applied ethylene 
in WT and these responses also required gibberellin action, since plants with inhibited 
gibberellin production showed no response to ethylene. We conclude that part of the 
involvement of ethylene in phytochrome-mediated shade avoidance responses is the result 
of a modulation of sensitivity to gibberellins.
Introduction
As a response to light signals generated in plant canopies, plants exhibit increased shoot 
elongation rates as well as a number of other responses, including hyponasty (i.e. more 
upwardly orientated leaves) and early flowering, to avoid shading by neighbours (Ballaré 
1999; Smith 2000). The major light signal triggering these shade avoidance responses is the 
ratio of red (R) to far-red (FR) light, which is lowered by selective absorption of the red light 
by chlorophyll (Aphalo, Ballaré, & Scopel 1999; Ballaré 1999). This R/FR ratio is perceived 
by the phytochrome family of photoreceptors, which consists of five members (phyA - phyE)
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in Arabidopsis thaliana (Smith 2000; Whitelam & Devlin 1997). There are many intermediate 
steps between sensing of the light signal by the phytochrome protein and the final elongation 
response and several phytohormones have been postulated to be involved (Kraepiel & 
Miginiac 1997).
Recently, we have shown the involvement of the gaseous hormone ethylene in plant 
responses to surrounding vegetation (Ch. 2) and, more specifically, to light with a low R/FR 
ratio (Ch. 4). The production of and sensitivity to ethylene are stimulated by a low R/FR ratio 
and plants that cannot sense ethylene have a reduced stem elongation in light with a low 
R/FR ratio (Ch. 4). In the present work we aim to identify the mechanism through which 
ethylene modulates the shade avoidance process that includes enhanced elongation rates of 
petioles and stems, and hyponasty.
This investigation is inspired by the analogy between shade avoidance and the 
responses of certain terrestrial plant species to flooding. These species can rapidly grow to 
the water surface, thereby restoring contact of the submerged shoot with the air. 
Interestingly, these responses to flooding are phenotypically comparable to shade avoidance 
responses and include hyponasty and increased elongation rates of stems and petioles (Cox 
et al. 2003; Peeters et al. 2002; Voesenek & Blom 1989). The submergence-induced 
elongation response is primarily induced by ethylene accumulation within the plant (Métraux 
& Kende 1983; Voesenek et al. 1993), which increases the sensitivity to and production of 
gibberellins, thereby leading to an increase in elongation (Kende, Van der Knaap, & Cho 
1998; Peeters et al. 2002; Rijnders et al. 1997). These changes coincide with increased 
expression of expansins that may weaken the cell wall, thereby facilitating cell expansion 
(Vriezen et al. 2000).
The plant hormone family of gibberellins has also been subject of the majority of 
studies that attempt to identify the key components in the regulation of plant responses to a 
low R/FR ratio. Shade avoidance elongation responses to low R/FR ratio’s are mediated by 
either increased endogenous levels of active gibberellin (GA) (Beall, Yeung, & Pharis 1996; 
García-Martínez et al. 1987) or increased sensitivity to endogenous GA (López-Juez et al. 
1995; Weller, Ross, & Reid 1994). As also mentioned above for submergence-induced 
responses, cell walls become more plastic as a result of increased GA action, thereby 
increasing organ elongation through increased cell elongation (López-Juez et al. 1995; 
Weller et al. 1994) and cell division (Beall et al. 1996; López-Juez et al. 1995).
In conclusion, submergence and a low R/FR ratio induce phenotypically identical 
responses through at least partly comparable physiological pathways that include GA action 
as a key factor. We therefore tested the hypothesis that an interaction between ethylene and 
GAs, comparable to the one during submergence, may explain the involvement of ethylene 
in shade avoidance responses. Therefore, we first established that GAs are essential for
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shade avoidance responses to a low R/FR ratio in tobacco by the use of the gibberellin 
synthesis inhibitor paclobutrazol. Then, the response of wild type (WT) and ethylene­
insensitive, transgenic (Tetr) tobacco to exogenously applied GAs was determined in light 
with either a high or a low R/FR ratio. This answered the question if the involvement of 
ethylene acts through a modulation of GA sensitivity. Finally, responses of WT plants to 
exogenously applied ethylene were investigated with and without endogenous GA production 
to find out if ethylene-induced responses required GAs.
Materials and Methods
Plant material
Wild-type (WT) and ethylene-insensitive, transgenic (Tetr) tobacco (Nicotiana tabacum cv. 
Samsun NN) seeds were germinated on moist white river sand (16 h light (90 ^mol m-2 s-1; 
Philips TLD 36 W/840) 8 h dark, temp: 21 °C). Tetr is an ethylene-insensitive, transgenic 
genotype that was obtained through introduction of the A. thaliana ETR 1 allele with the 
dominant activating mutation etr1-1 in tobacco (Knoester et al., 1998). After nine days, 
seedlings were transferred to pots (h=5cm, d=5.5cm) filled with the same substratum and 
covered with transparent polyethylene sheets during the first week after transfer to avoid 
excessive water loss. After removal of the sheets the plants were watered with full strength 
Hoagland’s nutrient solution and grown for an additional three weeks before they were used 
for experiments.
GA-sensitivity at low and high R/FR ratio
To obtain plants containing a minimal endogenous GA concentration, WT en Tetr plants 
were watered with 5 ml 10-5 M paclobutrazol (GA biosynthesis inhibitor; ICI Agrochemicals, 
Yalding, Kent, UK) in 0.033% ethanol one day before the start of the experiment and once a 
week during the experiment by sprinkling the solution on the soil substrate. Control plants 
were treated with 5 ml 0.033% ethanol. At the start of the experiment, shoots of 
paclobutrazol-treated WT and Tetr plants were sprayed with a range of GA3-concentrations 
(10-3M, 10-4M, 10-5M, 10-6M, 10-7M and 0 M GA3 in 1% ethanol; Sigma, St. Louis, USA). The 
solution was sprayed on the leaves twice a week during the experiment. Plants were placed 
in a low or a high red / far-red (R/FR) light compartment in the growth chamber. The two 
components were separated by a light tight barrier. The low R/FR ratio was obtained by 
supplementing the white light background (90 ^mol m-2 s-1; Philips TLD 36 W/840) with far- 
red light from far-red emitting incandescent lamps (Paulmann black light 75 W, 30 lamps per 
m2; see Ch. 4 for details). Light was filtered through transparent Plexiglas to prevent heating
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of the plants. Stem length, petiole angle to the horizontal and length of the fifth leaf were 
measured eleven days after the start of the experiment.
The importance of endogenous GA production for responses to the R/FR ratio was 
tested in a two-way ANOVA design with paclobutrazol (with or without paclobutrazol) and the 
R/FR ratio (high or low) as fixed variables and stem length, petiole length or petiole angle as 
dependent variable, and a Scheffé test as post-hoc pair-wise comparison with interactions. 
Tests were run separately for WT and Tetr. Stem length data were ln-transformed and 
petiole length data of Tetr were arcsine square root-transformed to obtain equal variances. 
Differences between WT and Tetr in their responsiveness to GA in relation to the R/FR ratio 
were tested in a three-way ANOVA design with interactions. GA concentration, genotype and 
R/FR ratio were fixed variables and stem length, petiole length or petiole angle were the 
dependent variable. Stem length data were ln-transformed and petiole length data were 
arcsine square root-transformed to obtain equal variances.
Ethylene effects in the absence of GA
To investigate if ethylene-induced growth responses require GAs, WT plants received 
paclobutrazol (as described in the previous section) to inhibit GA production and were placed 
in an atmosphere with or without added ethylene. Plants that received no GA inhibitor served 
as a control (n=6). Experiments took place in glass containers that were flushed (0.5 l h-1) 
with either compressed air (containing the atmospheric concentration of ± approximately 
0.005 ^l l-1 ethylene) or 0.6 ^l l-1 ethylene (Air Liquide, Eindhoven, Holland) in compressed air 
(mixed with gas blenders (Brinkhorst, Veenendaal, Holland)). Concentrations were checked 
with a gas chromatograph (Chrompack, type 437A, Middelburg, Holland). Growth conditions: 
16 h light (210 ^mol m-2 s-1; HPS 600 Watt; Hortilux Schréder) 8 h dark, temp: 20°C. A two­
way ANOVA tested the effects of ethylene, paclobutrazol (both fixed variables) and their 
interaction on stem length, petiole length and petiole angle (all dependent variables). Petiole 
and stem length data were ln transformed to obtain equal variances.
Results
Importance of GAs for low R/FR-induced shade avoidance responses 
The low R/FR ratio increased stem and petiole elongation and leaf angles to the horizontal in 
both WT and Tetr plants, although the low R/FR effects were stronger in WT than in Tetr. 
Inhibition of GA biosynthesis with paclobutrazol appeared to severely reduce this low R/FR- 
mediated stem and petiole elongation responses in both genotypes (Fig. 1A,B), whereas low 
R/FR-induced hyponasty was not significantly affected (Fig. 1C).
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Figure 1. Stem length (A), length of the fifth petiole (B) and angle to the horizontal of the fifth leaf (C) 
of W T and Tetr tobacco. Plants were grown in light with a high or a low R/FR ratio and with or without 
the gibberellin biosynthesis inhibitor paclobutrazol (paclo). Data are means (n = 6-9) ± SE.
GA sensitivity as affected by ethylene-sensing and R/FR ratio
Stem elongation increased with increasing applied GA concentrations and this response was 
much stronger at a low R/FR ratio than at a high R/FR ratio (Fig. 2; Tab. 1), showing that a 
low R/FR ratio sensitises the stem elongation process to GAs. Furthermore, stem elongation 
of Tetr plants was less responsive to added GA3 than that of WT plants (Fig. 2; Tab. 1), 
suggesting that Tetr plants have a reduced sensitivity to GAs. Application of high GA 
concentrations resulted in stem elongation that was higher than that of control plants (Fig. 2). 
This shows that GA is not saturating the stem elongation process in the untreated control 
plants. Elongation of petioles increased with increasing GA concentrations as well and this
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GA3 concentration (pM)
Figure 2. The effect of the exogenously applied GA3 concentration on stem length of W T and Tetr 
tobacco in light with a high or a low R/FR ratio. Data are means (n = 6-9) ± SE. Data of control plants 
(i.e. plants that received no paclobutrazol and no GA3) from Fig. 1 are re-plotted here for the clarity of 
comparison.
was significantly more pronounced in a low compared to a high R/FR ratio (Fig. 3; Tab. 1). 
The concentration-response curves of WT and Tetr seem very similar (Fig. 3), although there 
is a significant interaction between genotype and GA sensitivity (Tab. 1). Another typical 
shade avoidance characteristic is a more vertical orientation of the leaves. Plants grown in 
light with a high R/FR ratio showed a positive petiole angle response to GAs and tended to 
increase to higher levels in WT than in Tetr (Fig. 4), although the genotype*GA interaction 
was not significant (p=0.064; Tab. 1). Petiole angles were always higher in light with a low 
than in light with a high R/FR ratio, but in the low R/FR treatment, addition of GA3 did not 
further increase petiole angles (Fig. 4; Tab. 1).
GA3 concentration (pM)
Figure 3. The effect of the exogenously applied GA3 concentration on the length of the fifth petiole of 
W T and Tetr tobacco in light with a high or a low R/FR ratio. Data are means (n = 6-9) ± SE. Data of 
control plants (i.e. plants that received no paclobutrazol and no GA3) from Fig. 1 are re-plotted here 
for the clarity of comparison.
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GA3 concentration (M)
Figure 4. The effect of the exogenously applied GA3 concentration on the angle to the horizontal of 
the fifth leaf of W T and Tetr tobacco in light with a high or a low R/FR ratio. Data are means (n = 6-9) 
± SE. Data of control plants (i.e. plants that received no paclobutrazol and no GA3) from Fig. 1 are re­
plotted here for the clarity of comparison.
Importance of GAs for ethylene-induced shade avoidance responses 
When treated with ethylene, WT plants showed responses similar to low R/FR induced 
effects, such as increased stem elongation and petiole angles, but not petiole elongation and 
these responses were absent when GA biosynthesis was inhibited (Fig. 5). Fig. 5A shows 
that stem elongation was severely suppressed by application of paclobutrazol. Treatment 
with ethylene, which stimulated stem elongation in the absence of this inhibitor, was 
ineffective in restoring normal stem elongation. Petiole length was not affected by application 
of ethylene, but it did require GA action since application of paclobutrazol strongly inhibited 
petiole elongation (Fig. 5B). Paclobutrazol had only a minor effect on petiole angles in non­
ethylene-treated plants, but prevented the ethylene-induced hyponastic response (Fig. 5C).
Table 1. P-values from a three-way ANOVA with interactions, on W T and Tetr sensitivity to applied 
gibberellin in a high or low R/FR ratio. P-values <0.05 indicate significant differences. The data are 
plotted in Figs. 2-4.
R/FR genotype [GA]
A B C A*B A*C B*C A*B*C
Stem length 0.000 0.000 0.000 0.306 0.000 0.0436 0.607
Petiole length 0.000 0.419 0.000 0.811 0.000 0.003 0.263
Petiole angle 0.000 0.000 0.000 0.000 0.000 0.064 0.529
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Figure 5. Stem length (A), length of the fifth petiole (B) and angle to the horizontal of the fifth leaf (C) 
of W T tobacco. Plants were grown with or without added ethylene (ambient versus 0.6 pl l-1) and with 
or without the gibberellin biosynthesis inhibitor paclobutrazol (paclo). Data are means (n = 6-9) ± SE.
Discussion
Gibberellins are crucial for shade avoidance responses to take place, as was shown by the 
fact that plants with inhibited GA production showed a severely reduced stem and petiole 
elongation response to the low R/FR ratio in the light (Fig. 1A,B). The effect of inhibition of 
GA production on petiole angles of low R/FR-treated plants was, however, not significant (Fig 
1C). The involvement of GAs in the R/FR-mediated shade avoidance responses of tobacco 
consists at least partly of altered sensitivity to this hormone through light signalling by 
phytochrome (Fig. 2). This is in accordance with the literature, in which an increased 
sensitivity to GAs by lowering of the R/FR ratio was described for pea and cucumber (Reid, 
Hasan, & Ross 1990; Weller et al. 1994; López-Juez et al. 1995). There are also species in 
which phytochrome-mediated changes in shoot elongation are not only regulated by changes 
in GA sensitivity, but also by changes in endogenous GA concentrations (Beall et al. 1996; 
García-Martínez et al. 1987). Beall et al. (1996) showed an increase of GA levels in bean 
upon addition of far-red light to a white light background leading to increased internode 
elongation. They propose a model where light labile phytochromes (i.e. PhyA) affect GA 
production, whereas light stabile (e.g. PhyB) phytochromes regulate GA sensitivity. This
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corresponds with data from de-etiolation studies on pea phytochrome mutants showing that 
PhyB probably determines GA sensitivity (also confirmed by (Reed et al. 1996) for 
Arabidopsis), whereas PhyA affects GA production in pea (Reid et al. 2002). Since PhyB is 
the predominant phytochrome involved in shade avoidance responses, the shift in GA- 
sensitivity upon treatment with low R/FR as shown in Figs. 2 and 3 further strengthens the 
validity of this model.
Obviously, there is an interaction of this phytochrome-GA transduction process with 
the ethylene signalling system, because plants that cannot sense ethylene (Tetr) have a 
reduced stem elongation response to a low R/FR ratio and to applied GAs (Fig. 2) as 
compared to WT plants. However, the difference between control (no paclobutrazol, no 
GAs) WT and Tetr plants in low R/FR light was much larger than at any of the GA 
concentrations (compare Figs. 1A and 2), and must, therefore, be attributed to another factor 
than GA sensitivity. For petiole elongation in the low R/FR ratio, the results point even 
stronger in the direction of another factor than GA sensitivity explaining the difference 
between the two genotypes in the control treatment. This is because the concentration- 
response curves of WT and Tetr for GA are very similar (Fig. 3), suggesting that the two 
genotypes have a comparable sensitivity to GA for this response. Next to GA sensitivity, also 
GA production can be affected by the R/FR ratio and this may have been the case in the 
present system as well.
Still, it is unlikely that differences in GA action between WT and Tetr will offer the full 
explanation for the differences between these two genotypes in their response to low R/FR. 
The processes of shade avoidance and photomorphogenesis in general are well known to be 
complex webs of interacting signal transduction cascades of plant hormones and 
photoreceptors. Therefore, the absence of ethylene signalling is likely to induce changes in 
the action of even more plant hormones relevant to photomorphogenic growth processes 
than GA alone. Auxins have for example been postulated to be of crucial importance for 
shade avoidance responses. In Arabidopsis, both the auxin-resistant mutant axr1 and plants 
treated with an auxin transport inhibitor have significantly reduced elongation responses to 
far-red light (Morelli & Ruberti 2000; Steindler et al. 1999). One should, however, consider 
that shade avoidance in this rosette species does not normally include increased stem length 
through internode elongation, as is the case in the present study on tobacco. On the other 
hand, Smalle et al. (1997) showed a possible interaction between auxin and ethylene action 
in hypocotyl elongation (i.e. stem tissue) of light-grown Arabidopsis and such an interaction 
has also been described for the regulation of light-mediated opening of the apical hook 
(Lehman, Black, & Ecker 1996). Thus, next to interactions between ethylene and GAs, also 
interactions of ethylene with auxins may determine the role of ethylene in shade avoidance.
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Ethylene application to tobacco plants induced similar responses as did low R/FR 
ratios, namely increased leaf angles to the horizontal (Fig. 5C) and stem elongation (Fig. 5A), 
but not petiole elongation (Fig. 5B). Ethylene-induced elongation has only recently been 
shown for tobacco (Ch. 2, 4), but is also known for other species, such as Rumex palustris 
and other marsh plants (Kende et al. 1998; Peeters et al. 2002; Rijnders et al. 1997), 
Arabidopsis (Smalle et al. 1997), specific Stellaria ecotypes (Emery, Reid, & Chinnappa
1994), wheat (Suge et al. 1997) and certain Poa species (Fiorani et al. 2002). The effects of 
ethylene were absent in plants where GA biosynthesis was inhibited, showing that GAs are 
required for the responses to ethylene. This involvement of GAs in ethylene-induced 
elongation responses is comparable to the physiological mechanism that acts in the 
submergence and ethylene-induced elongation response in Rumex palustris (Rijnders et al. 
1997; Voesenek et al. 2003). Interestingly, increased petiole angles induced by exogenous 
ethylene do require endogenous GAs (Fig. 5C), whereas a low R/FR-induced increase of 
petiole angles did not (Fig. 1C). Apparently, ethylene and phytochrome make use of (partly) 
different transduction pathways to affect petiole angles.
Summarising, WT and Tetr respond differently to a low R/FR ratio, showing the 
involvement of ethylene in phytochrome-mediated elongation and hyponastic responses. 
Comparable to submergence-induced responses, this involvement of ethylene can at least 
partly, be attributed to interactions between ethylene and GA action and it is likely that GAs 
act downstream of ethylene in regulating shade avoidance responses. Part of this interaction 
seems to consist of ethylene-mediated changes in GA-sensitivity, whereas ethylene may 
also affect GA production.
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Red/far-red light ratio, blue light intensity and ethylene may trigger plant 
responses to neighbours in dense canopies
Ronald Pierik, Hans de Kroon and Eric J.W. Visser
Abstract
When competing for light, plants exhibit so-called shade avoidance responses to the 
presence of neighbours. These responses include enhanced shoot elongation and a more 
vertical orientation of the leaves enhancing light capture in dense stands. It is a long-held 
believe that the initiation of these responses can be attributed to the action of the 
phytochrome photoreceptors. These perceive changes in the red / far-red (R/FR) ratio in light 
reflected by neighbours. There are, however, indications for the action of other signals in 
plant canopies that inform plants about the structure of the vegetation. Here we show that 
transgenic (Tetr) tobacco plants, which are insensitive to the gaseous plant hormone 
ethylene are weak competitors because they have reduced shade avoidance responses to 
neighbours. This reduced responsiveness to neighbours cannot be fully attributed to putative 
weakened responses of Tetr plants to a low R/FR ratio, suggesting the action of other 
neighbour detection signals. We show for dense artificial tobacco stands that the gaseous 
plant hormone ethylene can accumulate to levels that induce shade avoidance responses. 
Furthermore, the blue light intensity dropped to levels that are low enough to induce shade 
avoidance responses. In addition, shade avoidance responses triggered by low blue light 
intensities appeared to be strongly dependent upon the action of ethylene, since Tetr plants 
showed no morphological response to the absence of blue light at all. These data together 
suggest that the action of neighbour detection signals, other than the R/FR ratio, may be far 
more important than anticipated and argue for a particularly important role for ethylene in 
determining plant responses to neighbours.
Introduction
Plant growth at high plant densities often leads to competition for light and light capture in 
such conditions is facilitated by the so-called shade avoidance syndrome. Shade avoidance 
consists of morphological changes such as increased stem and petiole elongation, a more 
vertical orientation of the leaves (hyponasty) and apical dominance (Ballaré 1999; Smith
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2000). Plants can already sense and respond to the presence of neighbours well before the 
canopy closes and light becomes limiting (Ballaré et al. 1987; Ballaré, Scopel, & Sánchez 
1990). Neighbours are sensed by the perception of a lowered red / far-red (R/FR) ratio by the 
phytochrome system. This ratio decreases upon reflection by or transmittance through plant 
tissue, due to selective absorption of red light by chlorophyll (Ballaré et al. 1987; Ballaré et al. 
1990; Holmes & Smith 1975; Smith 2000). In addition, plants can sense changes in total light 
intensity and blue light intensity through specific blue light photoreceptors, such as 
cryptochromes and phototropins (Casal 2000; Lin 2000). It is, however, uncertain if these 
signals are really involved in the detection of neighbours, since responses to low R/FR ratio 
normally can fully explain the above-ground responses to neighbours (Aphalo, Ballaré, & 
Scopel 1999; Ballaré et al. 1990).
Recent work on transformed tobacco plants that are insensitive to the gaseous plant 
hormone ethylene shed new light on this paradigm of plant neighbour detection. Firstly, 
exogenous ethylene could induce shade avoidance responses in ethylene-sensing, wild-type 
plants comparable to neighbour-induced responses (Ch. 2). Secondly, the ethylene­
insensitive plants (Tetr; (Knoester et al. 1998)) appeared to have reduced shade avoidance 
responses to neighbours in crowded canopies. Both changes in leaf angles and stem 
elongation are reduced in this genotype when grown in high densities and as a consequence 
these plants are very weak competitors when competing for light with normal wild type (WT) 
neighbours (Ch. 2). It still remains to be clarified what the mechanism is that causes the 
reduced shade avoidance responses of the Tetr plants to neighbours. The reduction can be 
partly explained by Tetr’s reduced morphological responses to low R/FR ratio, but this 
applies only to the reduced stem elongation (Ch. 4). Changes in leaf angles induced by a low 
R/FR ratio were not different between WT and Tetr plants (Ch. 4), whereas there was a very 
clear delay in the increase of leaf angle of Tetr compared to WT when growing in a dense 
canopy (Ch. 2). Therefore, we hypothesise that there are environmental signals, other than 
the R/FR ratio, to which ethylene-insensitive Tetr plants respond differently than WT. 
Candidate signals are the earlier mentioned decrease in PAR and blue light levels, as has 
been suggested before (Aphalo et al. 1999; Ballaré 1999; Yanovsky, Casal, & Whitelam
1995), but also accumulation of ethylene between plants in a dense canopy might serve as a 
signal, as has been suggested once for cotton canopies (Heilman, Meredith, & Gonzalez 
1971).
To identify neighbour detection signals to which WT and Tetr tobacco respond 
differently, we followed plant growth and morphology at high plant density simultaneously 
with the registration of micro-environmental canopy parameters that may function as 
neighbour detection signals (i.e. R/FR ratio, PAR levels, blue light levels and ethylene 
concentrations). This enabled us to correlate environmental signals to plant morphological
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changes and competitive success, which resulted in the observation that more than one 
signal may be responsible for the morphological responses displayed by the plants.
In addition, we also conducted experiments where WT and Tetr tobacco were grown 
in low PAR and low blue light environments. These data show for the first time that blue light 
has a profound effect on stem elongation and hyponasty as components of the shade 
avoidance syndrome. The leaf angles to the horizontal were strongly stimulated by the 
absence of blue light and this response unequivocally required ethylene-sensing.
Materials and Methods
Plant growth
For the competition and low PAR experiments, wild type (WT) and ethylene insensitive, 
transgenic (Tetr; (Knoester et al. 1998)) tobacco (Nicotiana tabacum cv Samsun NN) were 
sown on moist sand covered with polyethylene sheets (16 h light (90 ^mol m-2 s-1; Philips 
TLD 36 W/840) 8 h dark, temp: 21 °C). After 9 days seedlings were transplanted to cylindrical 
pots (78 cm3) or competition plots (see below) both also containing moist sand and were 
covered again with the polyethylene sheets. One week later the sheets were removed and 
plants were watered daily with full strength Hoagland’s nutrient solution.
For the low blue light experiment, WT and Tetr were sown on moist filter paper in petri 
dishes. Seedlings were transplanted to pots (same as above) containing a 1:1 mixture of 
sand and autoclaved potting soil after 8 days and covered with polyethylene sheets (16 h 
light (175 ^mol m-2 s-1 (General Electric 65W/35), 8 h dark; 23 °C). One week later the sheets 
were removed and plants received full strength Hoagland’s nutrient solution twice a week, 
whereas they received tap-water on the other days.
Competition experiment
WT and Tetr were grown in mono and mixed cultures in rectangular even-spaced plots at the 
high plant density of 1111 plants m-2 (See Ch. 2). Separate WT and Tetr plants were grown 
individually in large pots (1680 cm3) to study growth of non-competing plants. Plots and 
individually grown plants were harvested with one week intervals starting 4 weeks after 
sowing. We determined the angle to the horizontal of the youngest fully developed leaf, stem 
length and shoot biomass. Three replicate plots of each type and 6 individually grown plants 
of each genotype were harvested per time point. Micro-environmental parameters within the 
canopy were measured the day before harvesting. Light quality and quantity were 
determined with a Licor1800 radiospectrometer (Licor Inc., Lincoln, Nebraska) with a remote 
cosine receptor attached to it that was placed in the canopy. The receptor was held both 
horizontally and vertically in order to record reflected and transmitted light. PAR levels were
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determined as the light intensity from 400 to 700 nm, blue light as the light intensity between 
400-500 nm and the red/far-red (R/FR) ratio was determined as the light intensity between 
655-665 nm (red) / light intensity between 725-735 nm (far-red). Ethylene concentrations 
were determined with a laser-driven photo-acoustic detection system (Voesenek et al. 1990) 
in 1 ml air samples that were withdrawn from the canopies with syringes. Sampling was 
performed with a minimal disturbance of the canopy atmosphere so that the sample was 
representative for the canopy gas composition.
Light experiments
Five weeks old plants of the two genotypes were placed in either a low PAR or a low blue 
light environment, after which leaf angles were measured on the subsequent day. In the PAR 
experiment, plants were grown at either a high or a low light intensity. The high light intensity 
was 100 ^mol m-2 s-1 PAR (400-700 nm) containing 7.8 ^mol m-2 s-1 blue light (400-500 nm) 
with an R/FR ratio (655-665 nm / 725-735 nm) of 2.7. The low light intensity was 30 ^mol m-2 
s-1 PAR containing 2.6 ^mol m-2 s-1 blue light also with an R/FR ratio of 2.7. The low light 
treatment was obtained by placing a neutral filter (5 layers of ULS 10; Ludvig Svensson, The 
Netherlands) between the plants and the lamps (Philips SON-T 600 W; 16 h. light, 8 h dark; 
21 C).
In the no-blue light treatment, plants were grown at 105 ^mol m-2 s-1 generated by low 
pressure sodium (SOX) lamps (Osram 135W SOX) continuous light containing less than 0.2 
^mol m-2 s-1 blue light (400-500 nm) or in the normal continuous white light control (135 ^mol 
m-2 s-1 (General Electric, Polylux F36W/835), containing 24 ^mol m-2 s-1 blue light ). Leaf 
angles of the fifth leaf were recorded 1 day after start of the no-blue light treatment and also 
after 11 days of treatment when stem lengths were measured as well. To check the 
reversibility of the leaf angle response, 10-12 ^mol m-2 s-1 of blue light (428 and 430 nm 
LEDs; Farnell, Leeds, UK) was added to four individual plants that had been in the no-blue 
(SOX) light environment for 1 day. This addition of blue light to the SOX environment also 
functioned to check if it was really the lack of blue light in the lamps that caused the plant 
responses observed.
Results were statistically analysed in two-way ANOVA designs with light and 
genotype as fixed variables.
Results
Competition experiment -  plant growth and morphology
Leaf angles to the horizontal increased as a response to high plant density and led to almost 
vertical leaves at the end of the experiment. These changes of leaf angles occurred earlier
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and faster in WT than in Tetr plants and were not clearly different between mono and mixed 
plots (Figs. 1A,B). Leaf angles stayed essentially unchanged and thus horizontal in 
individually grown plants (Fig. 1C) throughout the experiment. Stem elongation was 
accelerated by the presence of neighbours (compare Fig. 2A,B to 2C) leading to taller plants 
than without competition. Stem elongation was faster in WT than in Tetr (Fig. 2), and the 
major differences in stem length between WT and Tetr originated earlier in competition than
Time (d) Time (d) Time (d)
Figure 1. Time course of leaf angles to the horizontal of the youngest fully developed leaf of W T ( • )  
and Tetr (o) tobacco grown in crowded monocultures (A), 1:1 mixtures (B) or individually without 
competition at all (C). Data are means of 3 plot replicates or 6 individually-grown plants ± SE.
30 35 40 45 50
Time (d) Time (d) Time (d)
Figure 2. Time course of stem length of W T ( • )  and Tetr (o) tobacco grown in crowded monocultures 
(A), crowded 1:1 mixtures (B) or individually without competition at all (C). Data are means of 3 plot 
replicates or 6 individually-grown plants ± SE.
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Figure 3. Time course of shoot dry weight of W T ( • )  and Tetr (o) tobacco grown in crowded 
monocultures (A), crowded 1:1 mixtures (B) or individually without competition at all (C). Data are 
means of 3 plot replicates or 6 individually-grown plants ± SE.
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in non-competing plants. Tetr plants reached taller stems in monoculture than in the mixture 
with WT (Figs. 2A,B). Shoot biomass, used as a measure for plant growth, was the same in 
WT and Tetr when grown in the high density monoculture or in the absence of competition 
(Fig. 3A,C). Still, growth was severely reduced in competition as compared to free-growing 
pot plants. In the mixture, Tetr was clearly outgrown by WT neighbours.
Time (d)
Figure 4. Time course of Leaf Area Index of crowded W T ( • )  and Tetr (o) monocultures and 1:1 
WT:Tetr mixtures (▼). Data are means of 3 plot replicates ± SE.
Competition experiment -  putative neighbour detection signals
Light signals and also ethylene concentrations will depend on the amount of above ground 
biomass in a plot and may, therefore, be associated with Leaf Area Index (LAI: m-2 leaf area / 
m-2 soil surface area). The LAI increased with time in the competition experiments, as the 
result of plant growth, and was not different between the two monocultures and the mixture 
(Fig. 4), suggesting the same potential for light signals to be generated within the different 
canopies. This was confirmed by the light quality and quantity measurements that show the 
course of changes in the level of total PAR, R/FR ratio and blue light. All of the parameters 
decreased through time, with no differences between the different compositions of the 
canopy (Fig. 5). Atmospheric within-canopy ethylene concentrations (Fig. 6) were elevated 
as compared to ambient concentrations (approx. 25 nl l-1 in the canopy versus approx. 7 nl l-1 
as the ambient concentration in the greenhouse). No differences could be detected between 
the different plot types.
Responses to low light levels and the absence of blue light
Low light intensity (30 ^mol m-2 s-1) induced increased stem elongation and a more vertical 
orientation of the leaves (Fig. 7). However, this hyponastic response was only displayed by 
WT tobacco and not by the ethylene-insensitive plants. Leaf angles of Tetr plants appeared 
to be completely irresponsive to this signal (Fig. 7B), even when the treatment was
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Time (d) Time (d)
Time (d)
Figure 5. Time course of light quality and quantity in horizontally reflected light within crowded 
canopies of W T and Tetr monocultures and 1:1 WT:Tetr mixtures. A: total light intensity (PAR; 400­
700 nm). B: red/far-red (R/FR) ratio (655-665nm / 725-735 nm). C: blue light intensity (400-500 nm). 
Data are means (n=3) ± SE.
prolonged for several days (data not shown). When light levels were kept at the high PAR 
(100 ^mol m-2 s-1), but with a source that contains no blue light, WT plants again showed 
enhanced stem elongation and the hyponastic response (Fig. 8), similar to their response to 
a low PAR environment. Addition of 10 ^mol m-2 s-1 blue light completely prevented this 
response and could restore the normal leaf angles after hyponasty had been induced in the 
no-blue treatment (Fig. 8c). Leaf angles of Tetr plants, again, were entirely irresponsive to 
the absence of blue light (Fig. 8B). Although, the hyponastic response induced in these two 
treatments appeared to be entirely absent in Tetr, enhanced stem elongation was observed 
in this genotype. Still, also the stem elongation response was reduced as compared to WT.
Time (d)
Figure 6. Time course of ethylene concentrations within the canopy atmosphere of crowded W T and 
Tetr monocultures and 1:1 WT:Tetr mixtures. Data are means (n=3-4) ± SE.
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Discussion
Crowding induced typical shade avoidance responses, such as increased leaf angles and 
stem elongation in the ethylene-sensing (WT) and ethylene-insensitive (Tetr) genotype, but 
these were far more pronounced in WT than in the ethylene-insensitive Tetr plants (Figs. 1, 
2). When grown in their respective monocultures, the two genotypes had similar growth 
rates, but Tetr plants suffered severely from their delayed shade avoidance responses when 
grown in a mixture with WT (Fig. 3). These data confirm those obtained in a previous study, 
where WT also dominated Tetr plants in competition (Ch. 2). Since individually grown (i.e. 
non-competing) plants reached approx. six-fold higher shoot biomass than high-density 
grown plants, we conclude that the competition for light was severe.
Leaf Area Indices steeply increased with time, but were not different for the respective 
monocultures and the mixtures of the two genotypes (Fig. 4), suggesting comparable micro­
climates within the different canopies. Measurements on light quality and quantity and 
ethylene concentrations revealed that these signals indeed changed in a comparable way 
through time in the different plot types (Figs. 5, 6). Concomitant with these changes, the 
plants showed responses to their neighbours, but they were more pronounced in WT than in 
Tetr (Figs. 1-3). Since R/FR ratio, blue light intensity, PAR levels and ethylene 
concentrations all changed in a similar time course (Figs. 5, 6) it is difficult, if not impossible 
to tell which is the most important signal determining the quantitatively different responses of 
WT and Tetr. Very detailed data from light measurements in canopies of Datura ferox show 
that red and blue light really are depleted in identical amounts by a given LAI (Ballaré, 
Scopel, & Sánchez 1991b). This is confirmed by Yanovsky et al. (1995) who found for wheat 
canopies that red and blue light are depleted at the same plant density. Naturally, this is not 
surprising, as red and blue light are both specifically absorbed by chlorophyll. Still, the R/FR 
ratio may change slightly earlier than at the onset of red light depletion, because there is an
e E
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Figure 7. Leaf angle (A) and stem length (B) of W T and Tetr tobacco after 1 (leaf angle) or 11 (stem 
length) days at high or low PAR levels. Data are means (n=4-6) ± SE. Different letters indicate 
statistically significant differences (p < 0.05).
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Figure 8. Leaf angle (A) and stem length (B) of W T and Tetr tobacco after 1 (leaf angle) or 11 (stem 
length) days at 10 or 0 pmol m-2 s-1 blue (400-500 nm) light in 100 pmol m-2 s-1 SOX background. C) 
indicates W T plants in SOX light just before and 8 h. after addition of 10 pmol m-2 s-1 blue light. Data 
are means (n=4-6) ± SE. Different letters indicate statistically significant differences (p < 0.05).
actual increase of the far-red fluence rate before the depletion of red light starts, due to light 
reflection by neighbouring plants (Ballaré et al. 1991b).
Firm evidence exists that the reduction of the R/FR ratio is the primary signal that 
triggers shade avoidance responses in dense canopies (Ballaré & Scopel 1997; Ballaré et al. 
1990; Holmes et al. 1975). We propose that also in the present experiment the pronounced 
decrease of the R/FR ratio will have induced at least part of the shade avoidance responses 
observed. Still, isolated WT and Tetr plants have identical leaf angle responses to a low 
R/FR ratio (Ch. 4) which contrasts with their differential response to neighbours (Fig. 1 in 
Ch.2). This discrepancy may be attributed to differential responses of WT and Tetr to canopy 
signals other than the R/FR ratio.
To find out if other light changes can function as a signal triggering morphological 
responses, individually grown WT and Tetr plants were tested for their responsiveness to 
shading. A reduction of the light intensity (PAR) from 100 to 30 ^mol m-2 s-1 initiated 
increased elongation (Fig. 7A) and hyponasty (Fig. 7B) in WT plants. However, since the 
reduced light intensity, obtained by neutral shading, also led to a strongly reduced blue light 
intensity (from 7.8 to 2.6 ^mol m-2 s-1), the low PAR effect might in fact be a low blue-light 
effect. Measurements on plants that had been placed in the absence of blue light, but with 
normal 100 ^mol m-2 s-1 PAR confirmed this hypothesis (Fig. 8). Low PAR and low blue light
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thus induced the same hyponastic and stem elongation responses as was also found for 
hypocotyl elongation of wild-type cucumber (Ballaré et al. 1991a) and stem elongation of 
tobacco (Casal & Sánchez 1994). To our knowledge, these data are the first to describe blue 
light-mediated hyponasty, whereas blue light-effects on shoot elongation have been well 
documented, e.g. (Ballaré, Casal, & Kendrick 1991a; Casal 1994; Kigel & Cosgrove 1991; 
Yanovsky et al. 1995).
Hyponasty could, however, not be induced by low blue light availability in the Tetr 
plants (Figs. 7A and 8A), showing that ethylene is an indispensable component of blue light- 
mediated hyponasty. Since ethylene does not play a role in low R/FR-induced hyponasty 
(Ch. 4), we propose that blue light receptors, i.e. cryptochromes, may make use of different 
downstream components to regulate leaf angles, than does the phytochrome system. This 
may also apply to stem elongation since the stem elongation response was completely 
absent in the no-blue treatment (Fig. 8B), whereas it was reduced but still present in the low 
R/FR (Ch. 4) and low PAR (Fig. 7B) experiments. Interestingly, the stem elongation response 
was reduced comparably in low R/FR and low PAR-treated Tetr plants (compare Ch. 4 and 
Fig. 7B). A reasonable amount of evidence has accumulated for interactions and 
interdependence of blue light photoreceptors (i.e. cryptochromes) and the phytochrome 
photoreceptors (Casal & Boccalandro 1995; Neff & Chory 1998; Quail 2002). Blue light 
responses may require phytochrome action as for example in the case of reduced hypocotyl 
elongation by blue light in etiolated Arabidopsis seedlings (Ahmad & Cashmore 1997), 
whereas phytochrome-mediated shoot elongation responses to low R/FR may be stimulated 
by blue light as was found by Casal & Smith (1988) for Sinapis alba. It remains, however, 
unclear why ethylene is a prerequisite for blue light-mediated hyponasty, whereas it is not 
involved in R/FR-mediated hyponasty, and present literature does hardly take the hyponastic 
response into account. Our work, argues for more attention in shade avoidance research for 
the hyponastic response.
The severely delayed hyponastic response of Tetr to low blue light intensity 
corresponds with its reduced response to true neighbours, since also under these conditions 
Tetr had reduced leaf angle responses (Fig. 1 in Ch. 2). The contention that blue light- 
mediated hyponasty can explain the differential responses of WT and Tetr to neighbours in 
true canopies, is, however, not supported by findings by Ballaré & Scopel (1997). They found 
for dense plant canopies that normal leaf angle responses are displayed by an Arabidopsis 
cryptochrome mutant (hy4, also referred to as cryl). Those data might suggest that blue light 
is not the canopy signal that induces leaf angle responses, but they more likely indicate that 
other blue light receptors than cryptochromes (e.g. phototropins) regulate hyponasty in 
Arabidopsis.
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Multiple canopy signals are used to detect neighbours
Ethylene accumulation in the canopy would, in addition to the light signals described, 
also be a factor to which the two genotypes respond differently (Ch. 2), as a consequence of 
Tetr’s insensitivity to this hormone. We found that ethylene concentrations within the 
canopies reached values of approximately 0.025 ^l l-1 (Fig. 6), which is approx. a four-fold 
increase of the normal background concentration in the greenhouse. The concentration 
found is somewhat less than the single other observation where considerably elevated 
ethylene concentrations (approx. 0.08 ^l l-1) were found within cotton canopies (Heilman et 
al. 1971). Surprisingly, ethylene concentrations were not different between WT and Tetr 
canopies (Fig. 6), whereas we expected the ethylene-insensitive plants to produce more 
ethylene than WT due to the lack of negative feedback regulation by ethylene perception 
(Bleecker et al. 1988; Knoester et al. 1998).
Accumulation of ethylene may be a less reliable neighbour detection signal than for 
example the R/FR ratio. This is because a trivial factor, such as the wind speed, may already 
affect diffusion of ethylene out of the canopy. Still, the concentrations found in the present 
experiment are high enough to induce responses similar to the shade avoidance syndrome in 
tobacco (Ch. 4). Therefore, we suggest that ethylene accumulation within the canopy 
atmosphere can act as a neighbour detection signal inducing the shade avoidance 
responses.
Taking the data together, all canopy parameters investigated changed at the same 
moment in time in the developing canopy and correspond with the WT shade avoidance 
responses observed. Combining these canopy measurements with the effects that the 
separate putative signals have on individually grown WT and Tetr tobacco, we conclude that 
the R/FR ratio alone cannot explain the plant morphological responses observed in a dense 
canopy. Stem elongation differences could be explained by responses to any of the signals 
investigated. However, the different leaf angle responses of WT and Tetr plants could only 
be explained by either changes in blue light intensity or accumulation of ethylene in the 
canopy atmosphere. Our results thus suggest that these signals are far more important in 
plant neighbour detection than previously anticipated.
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Summarising Discussion
During competition for light, small differences in size between plants are of great importance. 
Slightly larger individuals tend to suppress the smaller ones, due to a-symmetric competition 
(Weiner 1990). However, plants can adjust growth in a way that increases light capture in 
dense stands. These so-called shade avoidance responses (Smith & Whitelam 1997) include 
enhanced stem and petiole elongation and a more vertical orientation of the leaves 
(hyponastic growth) and are induced by the perception of altered quality of light reflected by 
neighbour plants (Aphalo, Ballaré, & Scopel 1999; Ballaré 1999). This signal then leads to 
physiological changes in the plant, that ultimately result in altered growth. Plant hormones 
such as gibberellins play a key role in this transduction process (Kraepiel & Miginiac 1997), 
but only recently suggestions arose that the gaseous plant hormone ethylene may also be 
essential in this process. Finlayson et al. (1997) found that Sorghum plants carrying a null 
mutation for phytochrome B, over-produce ethylene and also display a constitutive shade 
avoidance phenotype. Furthermore, circumstantial evidence exists that plants that cannot 
sense ethylene have attenuated responses to growth at high plant densities (Knoester et al.
1998). Therefore, the importance of ethylene in the responses of plants to neighbours 
deserves more attention. This thesis aimed to elucidate the role of ethylene in competition for 
light between neighbouring plants. The experiments focussed on describing the involvement 
of ethylene in shade avoidance responses to neighbours, which included testing of the 
consequences for competition between plants. As these experiments established the 
importance of ethylene for shade avoidance responses, further experiments along this line of 
reasoning were performed. These were aimed at increasing our understanding about the 
mechanisms through which plants interact and how these interactions lead to adjustments of 
growth.
Competition between plants
Plants are able to respond to the presence of neighbours with, amongst others, increased 
stem elongation and a more vertical leaf orientation, thereby increasing their light capture 
and, thus, growth capacity (Aphalo et al. 1999). Plants that are insensitive to ethylene (Tetr) 
proved to have a delay in these responses to neighbours (Ch. 2) and it was, therefore, 
expected to find a different canopy structure in Tetr than in wild-type (WT) monocultures. 
Surprisingly, this was not the case. Both individual shoot biomass as well as size inequalities
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for biomass were identical in crowded monocultures of the two genotypes (Ch. 3). Shade 
avoidance responses to neighbours increase the ability to capture light, thereby enhancing 
growth (Weiner & Thomas 1992). Since these responses are typically concentrated within 
the group of small individuals they tend to buffer the development of size inequalities 
(Schwinning & Weiner 1998). The finding that monocultures of WT and Tetr had identical 
size inequalities suggests that plasticity (in this case: shade avoidance responses) as a force 
that counteracts the development of size inequalities, is more robust than previously thought 
(Ballaré et al. 1994). Thus, in monocultures of plants with reduced phenotypic plasticity, 
slightly larger individuals do not profit more from their size advantage than they would if they 
were normally fast responding plants (Ch. 3). This does not necessarily mean that reduced 
plasticity to neighbours has no consequences at all. In fact, the contrary is true: Tetr plants 
were strongly suppressed if surrounded by WT neighbours, who restricted the Tetr plants to 
the very lower part of the canopy (Ch. 2). Apparently, the consequences of a disfunctioning 
shade avoidance system are dramatic when such Tetr plants are grown in the presence of 
WT plants with normally rapid responses to neighbours.
Shade avoidance responses to canopy signals
The general consensus is that early neighbour perception acts mainly through perception of 
changes in the R/FR ratio (Aphalo et al. 1999; Ballaré, Scopel, & Sánchez 1990). A reduction 
of the R/FR ratio occurs in an early phase of competition where plants are not yet shading 
each other and is, therefore, thought of as the earliest warning signal for future competition 
(Ballaré et al. 1990; Holmes & Smith 1975). Since ethylene-insensitive (Tetr) tobacco plants 
had reduced shade avoidance responses to neighbours, it was investigated if this was due to 
reduced responsiveness to low R/FR ratio’s.
- R/FR ratio - When the two tobacco genotypes were grown individually in light with a 
low R/FR ratio representative for a dense canopy, they showed the classic shade avoidance 
responses, including increased stem elongation and the hyponastic response (i.e. increased 
leaf angles to the horizontal). The stem elongation observed was significantly lower in Tetr 
than in WT (Ch. 4), similar to the difference in response when grown at a high plant density 
(Ch. 2). This reduced stem elongation of Tetr plants in a low R/FR ratio could be partly 
explained by their reduced sensitivity to gibberellins (Ch. 5). The results also suggested an 
effect of ethylene-sensing on gibberellin production, but this remains speculative (Ch. 5). The 
hyponastic response to a low R/FR ratio, on the other hand, appeared to be independent of 
gibberellin action (Ch. 5). More importantly, the hyponastic response was completely intact in 
Tetr, which is contrary to its reduced hyponastic response to real neighbours (Ch. 2).
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Since an R/FR treatment could clearly not fully reproduce the differences between the 
genotypes as found in competition experiments, the R/FR ratio is obviously not the only 
signal that informs plants about the surrounding vegetation (Aphalo et al. 1999; Ballaré
1999). We found that in developing WT and Tetr mono and mixture canopies the R/FR ratio, 
total light intensity, blue light intensity and ethylene concentration in the canopy atmosphere 
all changed at the same time (Ch. 6). These signals changed to levels that each can induce 
shade avoidance responses in single-grown WT plants (Ch. 4, 6).
- Blue light - The absence of blue light induced classic shade avoidance responses 
in WT tobacco, but not in Tetr plants. Tetr plants showed no stem elongation or hyponastic 
response at all to the absence of blue light (Ch. 6). These reduced shade avoidance 
responses of Tetr to the absence of blue light correspond with its reduced shade avoidance 
responses to neighbours in plant canopies (Ch. 2, 6). This is an important indication that the 
blue light intensity is likely to be a more important component in plant neighbour detection 
than previously anticipated. Thus, both a low R/FR ratio and a low blue light intensity can 
induce hyponastic growth in WT, whereas only a low R/FR ratio and not a low blue light 
intensity can induce this response in Tetr. The regulatory pathways leading to the induction 
of hyponastic growth thus appear to depend on the signal that induces the response. In 
conclusion, phenotypical resemblance does not necessarily indicate comparable regulatory 
mechanisms. This generalisation is consistent with work of Schmidt and co-workers (Schmidt 
& Schikora 2001) who studied the role of ethylene in root hair formation as a response to 
phosphate or iron deficiency. When root hairs are initiated by deficiency of iron, the response 
requires sensing of ethylene (and, therefore, no root hair formation is triggered in ethylene­
insensitive mutants), whereas root hair formation induced by phosphate deficiency does not 
depend on ethylene (root hairs are also initiated in ethylene insensitive mutants) (Schmidt et 
al. 2001).
- Ethylene - Strikingly, ethylene concentrations in dense canopies rose to levels 
that are approximately four times higher than the ambient levels (Ch. 6). Treatment of 
individually grown WT plants with ethylene induced enhanced stem elongation and 
hyponastic growth, comparable to the earlier mentioned light treatments (Ch. 2, 4). The 
ethylene-insensitive Tetr plants showed of course no stem elongation and hyponastic 
response to this signal (Ch. 2). The elevated ethylene concentrations in the canopies are 
likely the result of the constitutive release of this gaseous hormone by the plants and may be 
enhanced by the increased ethylene production induced by the low R/FR ratio (Ch. 4) in the 
dense canopy (Ch. 6). Apparently, the atmosphere in a dense canopy is to a certain degree 
isolated from the surrounding atmosphere allowing for such accumulation of ethylene. This 
implies that in fact any gaseous substance produced by plants may accumulate in canopies 
where it may act as an information carrier. Herbivory-related studies have shown that
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ethylene is one of the first volatiles of which the release increases upon herbivore-attack 
(Tscharntke et al. 2001). These studies have also shown that species-specific volatiles that 
are released by plants can act as information signals for other plants and also for predators 
of the herbivores (Bruin & Sabelis 2001; Bruin, Sabelis, & Dicke 1995; Dicke & Bruin 2001). 
Through such mechanisms plants might not only be able to sense neighbours as such, but it 
would also allow them to discriminate between different neighbour species, because different 
plant species release different "bouquets” of volatiles (Dicke et al. 2001). Such a mechanism 
would certainly require extremely advanced and complex chemical perception properties of 
plants and discussions on the existence of such perception mechanisms have not settled yet 
(Dicke et al. 2001; Firn & Jones 1995).
Synthesis
It was already concluded that the R/FR ratio alone provides us with too little explanatory 
power to understand the outcome of the competition experiments with WT and Tetr plants. 
Therefore, other putative neighbour detection signals were investigated as well. In order to 
obtain an impression on the relative importance of these signals, treatment/control ratio’s 
were calculated for leaf angle and stem length of WT and Tetr in the different experiments
Table 1. Changes in leaf angle and stem length values of W T and Tetr induced by the different 
treatments applied in the previous chapters and calculated the ratio of treatment over relevant control 
(treat/control). The response values obtained are expressed in the far-right column as a W T over Tetr 
(WT/Tetr) ratio. Leaf angle values from the separate experiments were taken where the difference 
between W T and Tetr was largest. Stem length values were taken at the end of the experiments.
Hyponasty (°) treatment control treat/control
Chapter treatment W T Tetr W T Tetr W T Tetr WT/Tetr
Ch. 6 density mono 40 15 15 15 2.67 1.00 2.67
Ch. 2 ethylene 42 1 7 1 6.00 1.00 6.00
Ch. 4 FR above 64 65 42 37 1.52 1.76 0.87
Ch. 4 FR side 62 58 46 45 1.35 1.29 1.05
Ch. 6 low blue 38 7 10.5 8 3.62 0.88 4.14
Ch. 6 low PAR 42 7 18 14 2.33 0.50 4.67
Stem length (mm) treatment control treat/control
Chapter treatment W T Tetr W T Tetr W T Tetr WT/Tetr
Ch. 6 density mono 130 36 48 20 2.71 1.80 1.50
Ch. 2 ethylene 23 10 15 10 1.53 1.00 1.53
Ch. 4 FR above 105 58 30 19 3.50 3.05 1.15
Ch. 4 FR side 100 50 50 28 2.00 1.79 1.12
Ch. 6 low blue 38 11 17 9.5 2.24 1.16 1.93
Ch. 6 low PAR 50 21 17 8 2.94 2.63 1.12
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(Table 1). The values obtained were then expressed as a WT/Tetr ratio and express the 
degree to which WT shows a stronger (ratio > 1) or weaker (ratio < 1) response than Tetr to 
the given treatment for the parameter investigated (i.e. stem length or leaf angle). The ratios 
calculated from the separate putative neighbour detection signals (i.e. R/FR ratio (including 
FR from above and FR from the side), blue light, PAR and ethylene) can then be compared 
to the ratio obtained from competition experiments. Of course, care has to be taken when 
comparing the calculated ratios from different experiments. Plants were not always the same 
age, experiments had not all equal durations and were not all conducted in comparable 
environmental conditions. Particularly competition experiments typically ran for much longer 
than the separate light and ethylene treatments. Still, a comparison may be valuable.
Comparing the calculated WT/Tetr ratios for the R/FR experiments (0.87 and 1.05 for 
hyponasty and 1.15 and 1.12 for stem elongation; Table 1) with those calculated from 
competition experiments (2.67 for hyponasty and 1.50 for stem elongation; Table. 1) nicely 
illustrates the lack of explanatory power of the R/FR ratio (regardless of the direction of far- 
red light). Testing the effects of separate other canopy signals, however, yielded equally 
large and mostly much larger differences between the two genotypes than present in real 
canopies (Table 1). Both blue light depletion and ethylene accumulation can, therefore, 
explain the differential responses of WT and Tetr to neighbours. Obviously in real canopies, 
all signals are present at the same time, as has been shown in Chapter 6 , and it may be the 
combination of the signals that leads to the actual difference in response of WT and Tetr. For 
example, interactions between phytochromes and blue light photoreceptors are known 
(Casal & Boccalandro 1995) and they may influence the net responses of WT and Tetr plants 
in a dense canopy. Hypocotyl elongation responses to blue light may for example require 
phytochrome action (Ahmad & Cashmore 1997). On the other hand, there are indications 
that low blue light levels reduce stem elongation responses to a low R/FR ratio (Casal & 
Smith 1988).
The scheme represented in Fig. 1 summarises the action of the various signals 
investigated in the process of plant competition for light, detection of neighbours and 
ultimately the display of shade avoidance responses. The way in which shade avoidance 
responses are regulated (Fig. 1) shows much resemblance to the mechanism that regulates 
the flooding-induced responses of hyponastic growth and enhanced shoot elongation 
(Voesenek et al. 2003). However, responses to neighbours involve the action of several 
primary signals with sometimes different regulatory pathways. Plant responses to 
submergence, however, are primarily induced by one signal, namely ethylene.
The most differentially regulated of the two responses shown in Fig. 1 is the 
hyponastic response. When induced by a low R/FR ratio it does not require ethylene nor 
does it require gibberellins. Contrary to this, when phenotypically the same response is
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Figure 1. Working model for the involvement of ethylene in plant responses to neighbours in dense 
tobacco canopies during competition for light. The scheme includes the action of gibberellins. When 
lines are broken by the grey area representing ethylene or gibberellin action, the action of the 
hormone is a prerequisite for the pathway to proceed. If the line is not broken, the hormone is not a 
prerequisite, although in some cases it can still modulate the response, as indicated by the + or = 
symbol. Explanation of symbols: + stimulatory role, = no role , ? unknown. Solid lines indicate 
pathways of the hyponastic response, whereas dashed lines represent pathways of the stem 
elongation response. The horizontal arrow between low R/FR and ethylene accumulation indicates 
enhanced ethylene production by a low R/FR ratio.
induced by low blue light availability, the response does require ethylene action, whereas the 
involvement of gibberellins is yet unknown. Finally, ethylene-induced hyponasty does of 
course require sensing of this hormone and does also require gibberellin action (Fig. 1). 
Stem elongation always seems to require gibberellins, although this remains to be proven for 
low blue light-enhanced stem elongation. Ethylene is a prerequisite for low blue light and 
ethylene-induced stem elongation, whereas it is only a positive modulator of low R/FR 
induced stem elongation (Fig. 1). In short, whenever ethylene is involved in the transduction 
of the canopy signal to a growth response, this also seems to imply a regulatory role for 
gibberellins, suggesting a close interaction between these hormones.
In conclusion, in dense canopies more than one signal exists that informs plants 
about the presence of surrounding vegetation. The view that a change in the R/FR ratio is 
the only early canopy signal to which plants respond seems outdated, since also blue light
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depletion and even ethylene accumulation may be of crucial importance to induce the so- 
called shade avoidance syndrome. The consequences of not being able to sense ethylene 
are detrimental for the ability to compete for light with neighbour plants.
Ecological implications
The implications of detailed mechanistic studies, as presented in this thesis, for the 
understanding of ecological processes can be illustrated with the following example. Plants 
growing in river floodplains can be divided into two groups: species that grow in regularly 
flooded sites (flood tolerant species) and species growing in rarely flooded areas (flood 
intolerant species) (Blom 1999). Tentatively, plant growth in the first mentioned sites is 
determined mainly by flooding, whereas competition for light may determine growth in the 
rarely flooded, very productive, areas. Several flood-tolerant species show enhanced shoot 
elongation and hyponastic growth when submerged enabling them to grow above the water 
surface and restore aerial contact (Voesenek & Blom 1999). Flood-intolerant species rarely 
show this characteristic (Voesenek et al. in press). The observation that submergence of a 
plant with flood water can induce responses that are phenotypically comparable to those 
induced by a low R/FR ratio (shoot elongation and hyponasty) may suggest similar 
mechanisms acting in responses to these two environments. As a consequence, one could 
argue that a flood tolerant species might also be a strong competitor for light since the same 
mechanism facilitates growth in both conditions. However, the field observations mentioned 
earlier suggest the opposite, namely a trade-off between competitive ability and flood 
tolerance, explaining why species are restricted to their respective habitats. In conclusion, 
both controlled-environment and field observations will encounter difficulties in generating 
correct hypotheses and both approaches will benefit from a more detailed mechanistic 
understanding of these growth processes.
Studies on responses to submergence in the Rumex genus, revealed exactly where 
in the signal transduction chain leading to enhanced shoot elongation, species that do not 
show the elongation response (e.g. R. acetosa) are different from species that do show this 
response upon flooding (e.g. R. palustris). This step in the chain is a specific interaction 
between ethylene and gibberellin action (Rijnders et al. 1997) which also proved to be part of 
the signal transduction pathway of neighbour-induced elongation responses (Fig. 1). The 
existence of this hormonal interaction appears to determine the ability of a plant species to 
elongate upon submergence and this plasticity for elongation correlates with the field 
distribution of plant species (Voesenek et al. in press). Thus, specific knowledge on 
physiological or molecular mechanisms that regulate growth responses helps to understand 
field-ecological patterns. The observation that such steps may be shared by signal
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transduction cascades activated by different environmental factors further extends the 
ecological and evolutionary relevance of such studies. If a specific signal transduction step 
would be crucial for both flooding and neighbour-induced shoot elongation, a species that 
cannot elongate upon submergence because it lacks that step (as described above), would 
also not be able to elongate during competition. This would broadly predict species that are 
vulnerable to submergence to be bad competitors for light, as described earlier. However, 
hypothetically, the earlier-mentioned signal transduction step of submergence-induced 
responses may be crucial for blue light signal transduction without having a major function in 
the cascade regulated by the R/FR ratio. This hypothesis seems realistic since ethylene is 
indispensable for responses to flooding (Voesenek et al, in press) and low blue light levels 
(Fig. 1), but not for responses to a low R/FR ratio (Fig. 1). As a result, flood-sensitive plants 
lacking the earlier-mentioned signal transduction step might still show some elongation 
response to neighbours mediated by a low R/FR ratio. From an evolutionary perspective, this 
would uncouple tolerance to flooding and competitive ability for light. Thus, a multi-signal way 
of receiving information about specific environmental variables (e.g. plant density) may 
enhance not only the reliability of environment-perception but also the diversity of traits that 
can be combined within a species.
In conclusion, in order to make predictions on putative trade-offs (or the reverse; 
coupled traits) between plastic responses, it is valuable to study not only field distributions 
and the phenotypic responses themselves, but to also make detailed study of the 
(physiological) mechanisms underpinning these responses.
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Samenvatting
(Summary in Dutch)
Inleiding
Wanneer planten dicht bij elkaar groeien, is de beschikbare hoeveelheid licht voor de 
individuele planten beperkt en zullen ze onderling concurreren om het licht dat beschikbaar 
is. Kleine verschillen in plantgrootte hebben grote consequenties voor de uitslag van deze 
competitie. Een plant die slechts een klein beetje langer is dan zijn directe concurrent, kan 
als eerste de bladeren boven die van de buurplant plaatsen, waardoor deze grotere plant 
ongelimiteerd licht kan onderscheppen en de kleinere buurplant in de schaduw nagenoeg 
niets meer krijgt. Door sneller naar het licht te groeien dan de buurplant kunnen planten 
voorkomen dat ze in de schaduw van hun buren terechtkomen. Deze zogenaamde shade 
avoidance (letterlijk: schaduw-vermijding) reacties, bestaan onder andere uit versnelde 
stengel -en bladsteelstrekking en het opklappen van bladeren (hyponastie genoemd), 
waardoor de bladeren in een meer vertikale, en dus hogere positie komen te staan. 
Vanzelfsprekend moeten planten, voordat ze die reacties kunnen vertonen, waarnemen dat 
er potentiële concurrenten om hen heen groeien. Dit doen planten met behulp van specifieke 
lichtreceptoren. De samenstelling van het licht verandert wanneer het wordt gereflecteerd 
door buurplanten. Die verandering wordt waargenomen door deze lichtreceptoren en een 
aaneenschakeling van fysiologische en moleculaire processen (signaaltransductie genoemd) 
in de plant vertalen dit signaal naar een groeiverandering. Hierbij zijn verschillende 
plantenhormonen betrokken, waaronder mogelijk ook het gasvormige ethyleen.
In dit proefschrift werd het precieze belang van ethyleen bij het waarnemen van en reageren 
op buurplanten onderzocht. Hierbij werd gebruik gemaakt van twee planttypen, namelijk 
transgene (Tetr) tabaksplanten die ongevoelig zijn voor ethyleen en normale wildtype (WT) 
tabaksplanten. Van deze planten werd onderzocht hoe ze reageren op de aanwezigheid van 
buurplanten en hoe concurrentiekrachtig ze waren. Toen het belang van ethyleen eenmaal 
was vastgesteld, werd uitgezocht op welke wijze dit hormoon betrokken is bij het reageren 
op buurplanten.
Competitie tussen planten
Ethyleen-ongevoelige planten reageerden langzamer op hun buurplanten, en dit kwam tot 
uitdrukking in een vertraagde bladhoeksverandering en tragere stengelstrekking dan de 
normale wild-type planten (Hfd. 2). De verwachting was daarom dat de plots (experimentele 
vegetaties van 9 bij 9 planten) met ethyleenongevoelige planten een slechtere groei zouden
hebben dan WT plots. De hoeveelheid biomassa per plot was echter niet verschillend tussen 
de twee planttypen bij alle geteste plantdichtheden. Toch is het niet zo dat de verzwakte 
shade avoidance eigenschappen van de Tetr planten geen consequenties hebben voor hun 
concurrentiekracht. Wanneer deze Tetr planten namelijk niet alleen met andere Tetr planten, 
maar ook met WT planten moesten concurreren, werden ze volledig door die WT buren 
overgroeid (Hfd. 2). Wanneer er dus WT planten zijn om van Tetr’s trage shade avoidance 
reacties te profiteren, verliezen de Tetr planten de concurrentie om licht. Dat de shade 
avoidance reacties van Tetr planten vertraagd zijn, toont aan dat ethyleen inderdaad 
betrokken is bij shade avoidance reacties in tabak.
Shade avoidance reacties op signalen uit dichte vegetaties
De algemene opvatting is dat planten hun buurplanten waarnemen door middel van 
veranderingen in de verhouding tussen rood en ver-rood licht (R/VR verhouding). Wanneer 
het bladerdek nog niet eens gesloten is, daalt deze verhouding al doordat planten rood licht 
absorberen, terwijl het ver-rode licht (zeer donkerrood licht dat nauwelijks zichtbaar is) niet 
wordt gebruikt door planten. Om te achterhalen waardoor Tetr planten zo traag op hun buren 
reageren, werd onderzocht of deze planten ook een vertraagde reactie op een lage R/VR 
verhouding hebben. Na planten onder licht met zo’n lage R/VR verhouding te hebben gezet, 
bleek dat ze de klassieke shade avoidance reacties, zoals hyponastie en versnelde 
stengelstrekking wel degelijk vertoonden (Hfd. 4). De stengelstrekking in Tetr planten was 
inderdaad iets trager dan in WT en dit kon deels worden verklaard door een verlaagde 
gevoeligheid van Tetr planten voor een ander plantenhormoon, namelijk gibberelline (Hfd. 5). 
Het opklappen van de bladeren, was echter volledig identiek aan WT. Dit komt niet overeen 
met Tetr’s vertraagde opklaprespons in een dichte plot en dit duidt er daarom op dat er in 
een vegetatie meer signalen een rol spelen dan alleen de R/VR verhouding. In dit 
proefschrift werd een aantal van die, niet eerder in deze context onderzochte, kandidaat 
signalen verder onderzocht.
Metingen in de tabaksvegetaties toonden aan dat, naast de R/VR verhouding, ook de 
hoeveelheid blauw licht en de totale lichtintensiteit verlaagd waren en dat de hoeveelheid 
ethyleen in de lucht tussen de planten viervoudig verhoogd was ten opzichte van de normale 
atmosferische concentraties (Hfd. 6). Gedurende de groei van de planten veranderden al die 
signalen tegelijkertijd tot niveaus die shade avoidance reacties tot gevolg kunnen hebben 
(Hfd. 4 & 6). Wanneer normale wild-type planten onder speciale lampen werden gezet die 
geen blauw licht in hun spectrum hebben, vertoonden ze de opklaprespons en versterkte 
stengelstrekking, maar ethyleen-ongevoelige planten vertoonden geen enkele 
groeiverandering (Hfd. 6). Deze verminderde reactie van Tetr op blauw licht komt overeen 
met Tetr’s verminderde reactie op buurplanten in de plots (Hfd. 2 & 6). Dit is daarom een
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belangrijke indicatie dat blauw licht wel eens een belangrijk signaal zou kunnen zijn bij het 
waarnemen van buren. De verhoogde concentraties van ethyleen in de lucht tussen de 
planten zijn waarschijnlijk het gevolg van een verhoogde ethyleenproduktie door de lage 
R/VR verhouding in het licht gecombineerd met een zekere isolatie van de lucht tussen de 
planten van de rest van de atmosfeer in de kas. Wanneer dergelijke verhoogde 
ethyleenconcentraties vervolgens aan individuele WT planten werden aangeboden, leidde dit 
ook tot het opklappen van bladeren en versnelde stengelstrekking. Ethyleenophoping tussen 
planten zou dus als signaal kunnen werken om buurplanten waar te nemen. In principe 
zouden allerlei andere gasvormige stoffen die door planten worden geproduceerd en ook 
kunnen worden waargenomen, dus ook als waarnemingssignaal kunnen functioneren. Dat er 
een chemische signaaluitwisseling zou kunnen bestaan tussen planten is echter nooit 
onderzocht in relatie tot shade avoidance reacties.
Synthese
Uit bovenstaande blijkt dat zowel de R/VR verhouding van het invallend licht, als de 
hoeveelheid blauw licht, en een atmosferische ophoping ethyleen shade avoidance reacties 
kunnen opwekken. Deze signalen zijn ook nog eens allemaal tegelijk aanwezig bij het dichter 
worden van de vegetatie en het is daarom moeilijk te zeggen welk signaal er belangrijker is 
dan andere. In tabel 1 van hoofdstuk 7 staan verhoudingen uitgedrukt die het bladhoek -en 
stengellengteverschil tussen WT en Tetr planten weergeven voor de verschillende 
behandelingen. Daaruit blijkt dat de grootte van het verschil tussen WT en Tetr in de plots 
onvoldoende kan worden verklaard met het verschil in reactie op lage R/VR. Echter, de 
effecten van laag blauw licht en ethyleen waren veel sterker dan de reacties van de planten 
in de plots. Hoogstwaarschijnlijk ligt de verklaring hiervoor in de interacties die kunnen 
optreden tussen de verschillende signaleringsmechanismen. Het is bijvoorbeeld al eerder 
beschreven dat de hoeveelheid blauw licht van grote invloed is op de reactie van planten op 
een lage R/VR verhouding.
De shade avoidance reacties, zoals beschreven in dit proefschrift, vertonen een sterke 
gelijkenis met reacties van sommige plantensoorten op overstroming. Zowel bij overstroming 
als bij competitie lijkt er een nauwe interactie tussen ethyleen en het eerder genoemde 
gibberelline (Figuur 1, Hfd. 7) van essentiëel belang te zijn voor de groeiveranderingen. Een 
groot verschil is echter dat bij overstroming ophoping van ethyleen (in de plant) het enige 
primaire waarnemingssignaal is, terwijl bij competitie naast ethyleenophoping minstens twee 
andere signalen (R/VR verhouding en blauw licht) actief zijn.
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Ecologische implicaties
De implicaties van gedetailleerde mechanistische studies, zoals beschreven in dit 
proefschrift, voor het begrijpen van ecologische processen kan worden geïllustreerd aan de 
hand van het volgende voorbeeld. In uiterwaarden van rivieren kan de vegetatie worden 
onderverdeeld in twee groepen: soorten die op regelmatig overstroomde plaatsen groeien 
(overstromingstolerante soorten) en soorten die bijvoorbeeld hoog op de dijk groeien en dus 
zelden overstroomd raken (overstromingsgevoelige soorten). Het lijkt aannemelijk dat de 
samenstelling van het eerstgenoemde vegetatietype vooral sterk wordt beïnvloed door 
overstromingen van de rivier, terwijl in het tweede type vooral competitie om licht de 
vegetatiesamenstelling domineert. De overstromingstolerante plantensoorten, die in de vaak 
overstroomde gedeelten groeien, vertonen onder water vaak een sterk versnelde 
stengelstrekking, waardoor ze boven water komen. Planten die juist heel gevoelig zijn voor 
overstromingen, vertonen deze reactie niet. Overstroming kan dus dezelfde reacties 
(strekking en opklappen van bladeren) opwekken als een lage R/VR verhouding en dit zou 
erop kunnen duiden dat dezelfde mechanismen de reacties op die twee milieus reguleren. 
Een logische conclusie zou dan kunnen zijn dat planten die goed tegen een overstroming 
kunnen, ook goede concurrenten om licht zouden zijn; dezelfde reactie is immers voordelig 
in beide situaties. Echter, de eerder genoemde veldobservaties suggereren het 
tegenovergestelde, namelijk dat overstromingstolerante planten nauwelijks concurreren om 
licht, omdat buurplanten vaak tamelijk ver weg staan, en dat soorten met een sterke 
concurrentiekracht zelden of nooit een overstroming meemaken en daar ook niet tegen 
kunnen. De conclusie uit dit voorbeeld is dat beide benaderingswijzen (veldobservaties en 
laboratoriumexperimenten) problemen hebben om correcte hypothesen te genereren en dat 
beide benaderingen kunnen profiteren van een meer gedetailleerd, mechanistisch begrip van 
deze groeireacties.
Onderzoek naar het plantengeslacht Rumex heeft precies aangetoond waar precies in de 
signaaltransductie van overstromingsgereguleerde strekking, overstromingsgevoelige 
soorten verschillen van overstromingstolerante soorten. Dit verschil is een specifieke 
interactie tussen de plantenhormonen gibberelline en ethyleen, wat ook een belangrijke 
interactie is bij shade avoidance reacties. De aanwezigheid van die interactie bepaalt dus of 
een soort kan strekken onder water en dit vermogen om te strekken correleert weer met de 
veldverspreiding van plantensoorten in uiterwaarden. Dit illustreert dat specifieke kennis van 
fysiologische en moleculaire mechanismen in planten kan helpen om de 
verspreidingspatronen van plantensoorten in het veld te begrijpen.
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met me besprak! Hans, toen jij in Nijmegen arriveerde was mijn project al een flink eind 
gevorderd, maar dat heeft je er niet van weerhouden om er vol enthousiasme in te duiken. Je 
inbreng is zeer waardevol en verfrissend geweest. Eric, wij hadden er al de nodige 
samenwerking opzitten toen jou gevraagd werd de dagelijkse begeleiding van mijn project op 
je te nemen en we konden dan ook op de ons inmiddels vertrouwde voet verder. We waren 
het misschien wel net zo vaak eens als oneens en dat werkte vooral stimulerend. Ik denk dat 
het gemak waarmee we over zowel wetenschapsinhoudelijke zaken als over off-topic 
flauwekul konden praten, onze samenwerking tot een heel vanzelfsprekende maakte.
Veel van mijn experimenten heb ik in de kassen uitgevoerd en ik heb daar altijd met veel 
plezier gewerkt. Ik wil Gerard van der Weerden bedanken voor zijn altijd constructieve 
opstelling als er weer eens iets moest worden veranderd aan de opstellingen in de kassen. 
Ook in de kassen was het een komen en gaan van medewerkers, maar jullie worden 
allemaal van harte bedankt voor de hulp, belangstelling en vooral het plezier! (ennehh.... 
Yvette, wanneer kom je nou eens die borrel halen bij ons?).
Luc-Jan Laarhoven en Ruud Gelsing (Afdeling Molecuul en Laserfysica) worden bedankt 
voor hun hulp bij het online houden (en krijgen) van onze eigen laser en voor het bieden van 
de mogelijkheid om bij hun op de laser ethyleen te meten.
I wish to thank Garry Whitelam for giving me the opportunity to work in his lab for two 
months. Thanks to Shila for continuing to remind me of Bill’s birthday. Many thanks Bill, for 
letting me stay in your house, explaining cricket to me and fun in the pub!
Ik had het genoegen om een aantal studenten te mogen begeleiden tijdens hun 
onderzoeksstages en heb dat ervaren als een erg plezierige component van mijn werk. 
Baukje, Han, Inge, Mieke en Nikkie, veel dank voor jullie kritische opstelling (gelukkig nam
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geen van jullie genoegen met een half antwoord en had de stelligheid waarmee ik iets zei 
geen enkele invloed op de kans dat jullie me geloofden), werkkracht en gezelligheid. Veel 
van de experimenten hadden zonder jullie inzet niet kunnen worden uitgevoerd.
Mijn project was onderdeel van een NWO programma van vier Oio’s en ik dank de 
betrokkenen van de andere projecten voor hun bijdragen aan onze bijeenkomsten. In het 
bijzonder dank aan Kees van Loon voor de coördinatie van het gehele programma.
Dan zijn er natuurljik mijn paranimfen, Marleen en Liesje. Julie zijn beiden een heleboel meer 
dan alleen paranimf en ik had bijna twee andere moeten zoeken. De een leek eerst aan de 
andere kant van de wereld te zijn ten tijde van mijn promotie en de ander dacht dat die 
functie nu aan haar voorbij zou gaan, maar gelukkig zijn jullie er allebei juist w e l. .  als 
paranimfen, zus en liefje.
Familie en vrienden, dit is het dus waarmee ik me ruim vier jaar heb beziggehouden. Het 
“afstuderen” is eindelijk daar, het "werkstuk” is af.
Els, jij hebt gedurende het leeuwendeel van mijn Oio-tijd moeten accepteren dat het “toch 
nog een uurtje later” werd, en dat was goed.
José, op de afdeling was jij toch wel de eerste die in het najaar van 2002 echt doorhad wat 
er opbloeide in UL228. Het is een waardevol gegeven dat jij zo goed ziet hoe het met 
mensen gaat. Het afgelopen jaar werd een erg intensieve tijd, maar wel altijd de moeite 
waard, mede dankzij de onvoorwaardelijke steun van het thuisfront, waarvoor veel dank! 
Lieve Liesje, al vanaf de eerste maand dat je in Nijmegen kwam werken was je als collega 
en sparring partner onmisbaar geworden. Wetenschap werd, door er met jou over te praten, 
heel veel leuker en dat is nog steeds zo. Maar veel belangrijker is dat het leven met jou zo 
ontzettend leuk en waardevol is. Voor altijd graag!
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